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SUMMARY 


Extensive data were obtained relating properties of wrovight N-155 
alloy under static, combined static and dynamic, and completely reversed 
dynaimlc stress conditions. Time periods for fractiore ranged from 50 to 
500 hours at room temperature, 1,000°, 1,200°, 1,550°, and 1,500° F. 
Correlation of the data showed: 

1. Increasingly higher percentages of superimposed dynamic stress 
on the steady loads for rupture in 50 , I 50 , and 5 OO hoiirs were required 
to change ruptiare strength appreciably as the temperatiire increased. At 
1 , 500 ° F the dynamic stresses approached the completely reversed fatigue 
strength before a substantial reduction in fracture time occurred. 

2. A given amount of superimposed dynamic stress had decreasingly 
less effect on the rupture time as the steady stress was reduced to 
increase rupture time. 

5 . Completely reversed stress tests showed fatigue strengths which 
were of the order of l+O to 60 percent of the static tensile strength over 
the entire temperatvire rsinge. As the temperat\ore and time period consid- 
ered were increased, the fatigue strengths increased relative to static 
rupture strengths to values twice the ruptxire strength for 5 OO hours at 
1 , 500 ° F. This means that the material can tolerate a cyclic load of 
larger magnitude than a steady load for fracture in time periods longer 
than some limiting value under conditions where creep occurs, 

4. Limited data indicated that under combined stresses up to 

67 percent of the steady load at 1,550° and 1,500° F the fatigue stress 
did not appreciably alter the creep characteristic through the second 
stage of creep. Apparently superimposed fatigue stresses exerted their 
main Influence diiring the third stage of creep, at least for this partic- 
iilar test material and these test conditions. 

5 . Properties evaluated on the .basis of number of cycles to failure 
differed from those evaluated on a time basis only when the properties 
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were time dependent. Thus two fatigue machines operating at different 
cyclic speeds gave differing values on a cyclic basis when a fatigue 
limit was not attained. This was particularly evident in combined 
stress tests at 1,55*^ 1,500° F. 

6. Increasing amounts of fatigue loading decreased elongation in 
the rupture test progressively to very low values in congjletely reversed 
stress tests. 

7. Bending tests gave slightly higher fatigue strengths than com- 
pletely reversed axial stress tests. The difference decreased with 
increasing test temperature so that the two types of tests gave compa- 
rable results at 1,500° F. There seemed to be little definite effect 
from variation in cyclic speed. Axial tests did not show the "knee" 
typical of S-N curves. The knee also tended to disappear with 
increasing temperatures in all tests . 

8. Surface-finish effects decreased with increasing tempera tiore . 
Apparently residual-stress variation was the main variable. Polished 
specimens gave higher strengths than gro\ind specimens at low tempera- 
t\ires. This may have been a factor in the difference between bending 
and axial stress tests . 

Limited data are reported on dynamic stress- strain properties, 
damping characteristics, and the influence of notches in rotating canti- 
lever beam tests . 


INTRODUCTION 


Data are presented and correlated to relate the fatigue and static 
properties of wrought N-I55 alloy over a wide range of temperatures. 

The work was undertaken on a cooperative basis to help clarify the prin- 
ciples governing load-carrying ability of heat-resistant alloys at 
temperatures and conditions where both creep and fatigue can occur simul- 
taneously. In view of the uncertainty in interpreting the results of 
various types of fatigue tests, duplicate data were obtained from as many 
types of fatigue testing machines as could be arranged. 

In the major part of the program, extensive efforts were used to 
eliminate variations in test specimens as a factor. One cooperator did 
study surface-finish effects in reversed bending. Another cooperator 
obtained creep data under static tension and combined dynamic axial 
loading. This cooperator also measured damping and dynamic elasticity 
properties and carried out reversed bending tests on notched specimens. 
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The program was undertaken by the MCA Subcommittee on Heat-Resisting 
Materials in view of the uncertainties of the principles involved at high 
temperatures where materials are subjected to fatigue or fatigue and creep 
simultaneously. A Special Panel was appointed by the Subcommittee to 
investigate the relationships between static and fatigue properties of 
heat-resistant alloys at high temperatures. The fragmentary nature of 
available fatigue data at high temperatures made it nearly impossible to 
develop such relationships. The Panel decided the best procedure was to 
organize a cooperative testing program to obtain reasonably complete data 
for one representative alloy. 

Cooperation was obtained from the following organizations: 

1. The Elliott Company 

2. General Motors Corporation^ Research Laboratories Division 

5. National Advisory Committee for Aeronautics by contract with 

Battelle Memorial Institute 

k. National Advisory Committee for Aeronautics^ Lewis Flight 

Propulsion Laboratory 

5. National Advisory Committee for Aeronautics by contract vith 

the Engineering Research Institute^ University of Michigan 

6. Office of Naval Research, U. S. Navy, by contract with Battelle 

Memorial Institute 

7 . Rolls-Royce Limited, Research Laboratory, England 

8. U. S. Naval Engineering Experiment Station 

9. Westinghouse Electric Corporation, Research Laboratories 

10. Wright Air Development Center, Materials Laboratory, by contract 

with the Institute of Industrial Research, Syracuse University 

11. Wrigjit Air Development Center, Materials Laboratory, by contract 

with the Institute of Technology, University of Minnesota 

A progress report previously issued presented part of the data 
included in this report (ref. l) . 
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PROCEDURE 


A Special Panel of the NACA Subcommittee on Heat-Resisting Materials 
arranged the cooperative program. The general objective was to obtain 
data which would define load-carrying ability of a typical heat-resistant 
alloy at high temperatures as a function of mean and alternating stresses 
from static rupture tests to completely reversed fatigue tests. The 
temperatures selected were 1,000^^ 1^200^^ 1,550^^ and 1,500^ F to cover 
a wide range of temperature effects. In addition^ some data were estab- 
lished at room temperature for comparative purposes. In general, tests 
were aimed to cover time periods for fracture of 50 to ^00 hours so that 
the results could be expressed in terms of both time and cycles to failure. 
An attempt was made to obtain data from as many types of test machines as 
possible and particularly to have as many data as possible duplicated by 
two types of machines. 

A procedure was adopted to reduce variations from test material and 
surface finish to a minimum because the program was set up to obtain 
objective data on the relation between static and dynamic properties at 
elevated temperatures. Low-carbon N-155 alloy bar stock solution- treated 
for 1 hour at 2,200° F, water- quenched, and then aged for I 6 hours at 
i,uoo° F was selected because it met two requirements. One was that this 
material treated in this manner had the most uniform properties g.t high 
temperatures of any representative "super-alloy" known to the Panel. 
Secondly, it was metallurgically similar to several forged alloys of the 
type of Interest for application in the gas t\arbines of jet engines. An 
additional factor in the choice was that there was more expjerimental 
metallurgical background available for this aOJLoy than for any other 
choice. The NACA purchased 271 feet of 1-inch round bar stock for the 
test program. 

In order to insirre uniformity of test specimens, the NACA sponsored 
the preparation of the specimens at the Engineering Research Institute 
of the University of Michigan. A system of sampling was set up so that 
any lot of specimens sent to a cooperator was made from material repre- 
sentative of the complete length of the original ingot. This avoided 
misleading trends which might have occurred from segregation effects in 
specimens taken from one hot-rolled length of bar stock. The bar stock 
was cut to the lengths required for specimens and heat-treated. All 
specimens were prepared using elaborate procedures to keep the surface 
of the gage sections constant regardless of shape. 

Arrangements were made to have all fractured specimens examined. 
Westlnghouse, Syracuse University, University of Minnesota, and the 
Lewis laboratory of the NACA elected to examine the specimens which 
they tested. All others except those tested by Rolls-Royce were returned 
to the University of Michigan for visual and metallographic examination 
under sponsorship of the NACA. 
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Under sponsorship of the NACA^ the University of Michigan served as 
secretary to the Panel to compile data and issue reports. 


TEST MATERIAL 


Two himdred and seventy-one feet of 1-inch round bar stock from one 
ingot of heat A-I726 were supplied as twenty-six mill length bars in the 
as-rolled condition. 


The chemical analysis of heat A-I726 was as follows: 


Chemical composition, weight percent 

C 

Mn 

Si 

Cr 

Ni 

Co 

Mo 

W 

Ch 

N 

Supplier's heat analysis 

0.15 

1.64 

0.42 

21.22 

19.00 

19.70 

2.90 

2.61 

0.84 

0.15 

Univ. of Michigan check on bar stock 

0.1k 

1.45 

0.35 

20.80 

18.80 

19.65 

5.00 

2.00 

0.99 

0.155 


The maniifacturing conditions were reported to be as described in 
the appendix. 

Coupons about 1 inch long were cut from both ends and the center of 
each tar. heated at 2^200^ F for 1 hour^ water- quenched^ and then aged 
at 1,400^ F for 16 hours. The Brinell hardness was then determined on 
the surface of each coupon and at the center of the cross section. The 
hardness values shown in table I indicate good uniformity. Metallo- 
graphic examination showed that specimens cut from the top^ middle^ and 
bottom bars of the ingot had similar structures after the heat treatment. 


COOPERATING LABORATORIES AND TESTING METHODS 
Static Tests 


The NACA sponsored short-time tensile tests and rupture tests at the 
University of Michigan. Testing temperatures were 1^000^, 1,200^, 1,550^^ 
and 1,500^ F. In addition^ tensile tests were also run at room temper- 
ature. All tests were conducted in accordance with A.S.T.M. Recommended 
Practices on standard O.505- inch-diameter specimens. Tensile specimens 
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were held at temperature 1 hour before testing. The rupture specimens 
were brought to temperature over a 24-hour period before loading. Stress- 
strain data for the tensile tests and creep data from the rupture tests 
were measured with an optical /lever extensometer system attached to the 
specimens . 


Dynamic Axial Stress Fatigue and Creep Tests 

The Materials Laboratory, WADC, sponsored dynamic creep tests at 
1,550° and 1,500° F at Syracuse University. Specimens having an equiv- 
alent \miform-dlameter gage length of 2 inches (fig. 1(a)) were tested 
under combinations of steady axial stress with superimposed axial dynamic 
stress. Loads were applied by a constant-force spring mechanism, the 
alternating stress being applied at 3j600 cpm. Temperatures were meas- 
ured and controlled from thermocouples attached to the specimens. 

Creep data were measured during the tests . In order to use the 
uniform-diameter gage length specimens, the stresses had to be kept in 
tension. Consequently creep data were limited to ratios of alternating 
to mean stress of 0, 0.25, an<i O.67. Combinations of stress were used 
to give fractirre times out to several thousand hours. 

The Materials Laboratory, WADC, also sponsored high alternating to 
steady stress ratio tests at Syracuse University and later at the 
University of Minnesota. Tests were carried out in the same machines 
at ratios of alternating to mean stress of 1.64 and 00 at 1,550° s-nd 
1,500° F and at ratios of 2 and <» at room temperature and 1,000° F. 

A profile specimen (fig. l(b)) was used to prevent buckling. The gage 
section was made the same as the specimens tested at Battelle Memorial 
Institute in Krouse machines at high alternating stresses. Creep data 
could not be obtained from this type of specimen. 

Difficulty was encomtered from heating of the specimen by damping 
during the application of the load in the tests at room temperature and 
1,000° F. Attempts were made to control this by using an air blast to 
cool the specimens and by loading the specimens before they were brought 
to temperature. The most successful procedure, however, was to load the 
specimens at reduced cyclic speed and then gradually bring the specimens 
up to 3,600 cpm as a function of temperature. 

In addition to the tests carried out on specimens prepared and 
furnished by the MCA through the University of Michigan, completely 
reversed stress tests were made at 1,500° F on specimens heat-treated 
and made at the University of Minnesota. The stock for the specimens 
was obtained from the producer in the form of bars rolled from the same 
ingot at the same time as those furnished to the MCA. Similar speci- 
mens were also used for part of the tests at 1,000° F. 
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The testing machine and details of procedure are described in detail 
in references 2, 5> and 4. 


Krouse Axial Fatigue Tests 

The Office of Naval Research and the NACA sponsored axial fatigue 
tests at Battelle Memorial Institute. Profile specimens (fig. l(c)) were 
tested at 1,200°, 1,550°, and 1,500° F with varying mean stresses for con- 
stant superimposed axial fatigue loads of ± 7 ^ 500 ^ ± 15 ^ 000 , and ± 25^000 psi. 
A modified specimen (fig. 1(d)) was used for tests going into compression 
and for completely reversed stress tests at 1,550° and 1,500° F. 

Constant axial loads are applied by the Krouse machine through a 
load maintainer, and constant-amplitude alternating axial loads at 
1,500 cpm are applied through a crank mechanism. Special adapters had 
to be developed for the tests going into con 5 )ression. Some difficiilty 
in obtaining axiallty for the tests going into compression was encountered, 
but was corrected by redesigning grips. 


Sonntag SF-4 Axial Fatigue Tests 

The Elliott Conipany carried out tests in which combinations of steady 
axial and alternating axial stresses were applied. The alternating stresses 
were restricted to values which did not go into compression. The testing 
program was selected to provide the following data: 

(a) Establish the alternating stresses to cause fracture at room 
temperatiore for a mean stress of 75^000 psi. 

(b) Obtain curves of alternating stress versus rupture time out to 
500 hours at 1,000° F for mean stresses of 'J^,000, 60,000, 45,000, and 
40,000 psi. 

(c) Establish the influence of superin 5 )osed alternating stress on 
the rupture time for tests with the mean stress equal to the static 
rupture strength for 175 hours at 1 , 550 ° F ( 28,000 psi). 

The Sonntag SF-4 machine applies constant- force loads through a 
spring mechanism. It operates at 3^600 cpm. Tenipera tuxes were meas\ired 
and controlled by thermocouples in the furnace adjacent to the specimen. 
Eccentricity diffic\ilties required new grips for the higher stress tests 
at 1,000° F. 

The test specimen (fig. 1(e)) was profiled to a minimum diameter. A 
few of the specimens tested at 1,000° F were machined by the Elliott Company 
from blanks heat-treated at Michigan. 


8 


NACA TN 5216 


Ruptxjre Tests With Superimposed Alternating Bending Stress 

The Research Laboratories Division of the General Motors Corpora- 
tion conducted tests at 1,550° F with combined rotating bending and 
steady axial tension stresses. A uniform-diameter gage length specimen 
(fig. 1(f)) was loaded In steady axial tension under 28,000 psl (stress 
to cavise rupture In I 75 hours) and then rotating bending stress was 
applied at 10,800 cpm by causing one end of the system to rotate In a 
circle . The specimen was heated by gas flames . Temperatures were meas- 
ured by thermocouples welded to the gage length of the specimen. 


Westlnghouse Reversed Bending Fatigue Tests 

The Research Laboratories of the Westlngho\ise Electric Corporation 
conducted completely reversed bending tests at room temperature, 1,000°, 
1,200°, 1 , 550 °, and 1,500° F. Round -prof lie specimens (fig. 1(g)) were 
tested In the Westlnghoiose 7^200-cpm electronic fatigue machine. The 
specimens were vibrated electrically at resonance In one plane so that 
maximum stress occurred on the siorface at two diametrically opposite 
points . Temperat'ures were measured and controlled by thermocouples 
welded to the specimens . 

In addition to a complete set of tests on specimens machined at 
Michigan with the controlled machining procedure, check tests were made 
on specimens simply tijrned and hand polished at Michigan. The object 
of these tests was to obtain some Information regarding the Influence 
of surface finish. 


Effect of Surface Finish on Westlnghouse Reversed 
Bending Fatigue Tests 

The Lewis Laboratory of the NACA Investigated the Influence of sur- 
face finish on fatigue properties at room temperatxire and 1 , 550 ° F In 
the Westlnghoiose reversed bending fatigue machine described previously. 

A smaller specimen (fig. 1(h)) was used by the NACA. Three types of 
finish were utilized for the main tests: (l) ground and polished, 

( 2 ) ground only, and (5) ground, partly polished, and then deliberately 
roughened with emery cloth. The Influence of a stress relief for 4 hours 
at 1,400° F on the fatigue properties at room temperature was also estab- 
lished. In addition, tests were carried out at 1,550° F on specimens 
turned and polished. The polished specimens had about the same surface 
roughness as the specimens machined at Michigan. The specimens were 
machined at the Lewis laboratory from blanks heat-treated by Michigan. 

Temperatures were measured and controlled from thermocouples welded 
to the specimen. 
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Fatigue, Damping, and Elasticity Properties From 
Rotating Cantilever Beam Tests on 
limotched and Notched Specimens 

The Materials Laboratory, WADC, sponsored tests at the Ifeiiverslty 
of Minnesota which provided fatigue, damping, and dynamic modulus data 
for room temperature, 1,550°^ 1,500° F. A special testing machine 

rotated specimens \mder cantilever beam loads . Targets mounted on the 
rotating extension arm, loading weight, and specimen assembly were vised 
to measure vertical and horizontal deflections from which the damping 
and elastic values were calculated. Tapered specimens (fig. l(i)) 
resulted in equal maximum bending stresses along the gage length. 

All tests were conducted under variable speeds of rotation. A 
speed of 20 rpm was used for the first 5OO cycles . In general, the 
speed was then increased to 50 rpm until several thousand cycles were 
imposed, after which the highest speed between readings was about 400 rpm 
for the elevated-temperature tests and various speeds up to 1,500 rpm 
for the tests at room temperature. All deflection readings were taken 
at 20 rpm. Temperatures were measured and controlled from thermocouples 
attached to the specimens . 

Tests were made on notched specimens (fig. l(j)) as well as the 
unnotched specimens . The theoretical stress concentration factor was 
2.6 by Neuber's method. Approximate damping and dynamic elasticity 
properties were measured (ref. 5) have not been Included in this 
report . 

The unnotched specimens were prepared at Michigan with the controlled 
surface-finish procedures . The notched specimens were prepared by the 
John Stulen Company for Minnesota. 

The testing machine and procedures are described in detail in ref- 
erence 5 • 


Rolls-Royce Rotating Cantilever Beam Tests 

Rolls-Royce Limited of Derby, England, conducted rotating cantilever 
beam tests at their Research Laboratory. Tests were made at 1,200°, 
1^550°, and 1,500° F. The testing machine was of their own design and 
operated at 5^500 rpm. 

Temperatures were measured by thermocouples located I/52 inch from 
the critical section of the test specimen. Data were submitted which 
showed that the maximum difference between specimen and the measuring 


10 


NACA TN 3216 


thermocouple was 57*85^ F; temperatures were reproducible to 33-8^ F; 
and at any instance during the test the error in temperature measurement 
due to heat produced in the specimen from damping was less than 32*9^ F. 

The specimens used (fig. l(k)) were profiled to a minimum diameter. 
They were machined by Rolls-Royce from heat-treated stock supplied to 
them. Their specimen was small enough so that they quartered the bar 
stock in making specimens. 


NEES Rotating Cantilever Beam Fatigue Tests 

The Naval Engineering Experiment Station conducted completely 
reversed fatigue tests at 1^350^ F in a rotating cantilever beam machine 
of their own design. 

Tapered gage length specimens (fig. l(l)) were loaded at one end 
and rotated at 1^700 cpm. 


SPECIMEN PREPARATION 


In an effort to keep surface finish constant, all the specimens 
except as noted later were prepared by the NACA at the Production Engi- 
neering Department of the University of Michigan, Procedures were devel- 
oped which would meet requirements of constant surface roughness and 
constant surface cold-work for all types of specimens included in the 
program. The objective was to avoid variable surface -finish effects 
influencing the results from the various types of tests, A third vari- 
able arising from specimen preparation (surface stresses) should also 
have been constant since the surface preparation was duplicated regard- 
less of the shape and size of the specimen. 

The surface roughness was maintained at 2 to ^ microinches root 
mean square. This quality of surface finish was established to meet the 
most severe specification of the several cooperators , 

The amount of cold-work on the surface after finishing was not meas- 
ured, Extreme precautions, however, were taken to reproduce the method 
of metal removal on all specimens in order to keep surface cold-work con- 
stant, This requirement imposed severe restrictions because the very 
close dimensional tolerances of the specimens had to be met with a fixed 
procediare for metal removal. The result was that the specimen prepara- 
tion was very time consuming and expensive. Because emphasis was placed 
on reproducibility of surface finish on the various specimens and not on 
minimizing cold -work or surface roughness, the following details of 
machining and finishing operations shoiild not be accepted as the most 
desirable for preparing fatigue specimens for testing at high temperatures. 
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Machining Procedure 

All of the several types of test specimens submitted to the IMiversity 
of Michigan for machining were processed by substantially traditional 
methods. All gage sections were turned on a lathe with the exception 
of the Krouse specimen for tests in compression (fig. l(d)). This speci- 
men was turned on a milling machine in a setup wherein the specimen was 
moimted between centers in the spindle and the cutting tool was mounted 
on a rotary table in turn mounted on the table of the milling machine; 
the rotary table was rotated manually throiagh a worm gearset for the 
feeding motion. All turning tools were 18-4-1 high-speed steel machine 
gro-und to the following shape: 10^ back rake angle, 15 ^ side rake angle, 

10^ relief single, and 0.010-inch nose radius. All cutting speeds were 
confined to the range 50 to 40 feet per minute; the depth of cut was 
selected in a descending sequence ranging from the maximum of O.O 5 O inch 
to a minimum of O.OO 5 inch, while the feed rate was held constant at 
0.005 inch per revolution in every case except for manual feed where an 
attempt was made to keep the feed above a minimum of O.OO 5 inch per 
revolution. 

The above conditions were set up in the belief that the amount of 
cold flow was directly proportional to the size of cut. Consequently, 
it was expected that the progressively decreasing series of depth of 
cut used consistently would establish a degree of control as well as 
lead to a minimum of cold flow. The unique characteristics of the speci- 
men material make it unusually susceptible to burnishing and related 
effects resulting from dull cutting edges which behave even duller at 
light feed rates. This latter reason was the basis for establishing a 
minimum feed rate. 


Finishing Procedure 

The original finishing setup was on a Kent-Owens 2-20 milling 
machine. The milling -machine setup was characterized by a continuous 
belt and was unique in that a system of counterbalances was used in an 
attempt to minimize and control the pressure between the cloth-backed 
abrasive and the specimen. However, irregularities developed and the 
mass of the counterbalance system made it impossible to achieve control 
over the pressure between the abrasive and the specimen. 

The Krouse machine specimens in figure l(c) were finished on the 
Kent-Owens setup using only cloth-backed abrasives as belts down through 
500 grit, wherein the final step involved the use of a chrome -oxide 
polishing stick rubbed on thoroughly worn 500-grit belts . Irregularities 
of the belts and the light pressures used made it impossible to improve 
the accuracy of the machined specimens and it is probable in some cases 
that the run-out and out -of -roundness increased as a consequence of the 
finishing process. 
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The Westinghouse specimens were finished on a special setup wherein 
strips of cloth-backed abrasive were fastened to the surface of an oscil- 
lating sector while the specimen was mounted between centers and rotated. 

By this time all attempts to control finishing pressure by counterbalancing 
had been abandoned in favor of precision positioning of the specimens 
relative to the abrasive so that greater accuracy could be obtained. 
Pressure control was achieved somewhat arbitrarily by holding back on 
the rate of cutting so that the specimen did not heat. The finishing 
procedure used on the Westinghouse specimens is considered to be the 
most satisfactory in terms of the original objective although it was very 
slow and very expensive as a consequence of the relatively small amount 
of abrasive available during each setup. 

All subsequent specimens were finished by one of two arrangments 
of a final setup shown schematically in figure 2. The specimen was 
mounted between centers and rotated. A continuous belt was operated 
over a system of driving and idler pulleys with the motion of the belt 
oriented longitudinally to the specimen. When the longitudinal section 
of the specimen was a radius, a pulley or wheel with a corresponding 
radius was moimted in place of the form block shown in the sketch although 
a form block could be used for these specimens. The pulley or wheel was 
substituted for the form block in this case so as to reduce the heat 
arising from friction between the belt and the form block. Control of 
both pressure and size, to the extent that it was achieved, was obtained 
throijgh screw adjustments of the position of the axis of the specimen 
relative to the form block or wheel. 

The procedure for finishing specimens involved the use of continuous 
abrasive belts used in sequence of decreasing grain size with the fol- 
lowing grain sizes: 60, 120, 2to, 320, ^00, and 5OO. This was followed 

by a final step wherein a standard tallow stick such as is used for grease 
polishing was smeared on a well-worn 500-grit belt to inhibit further 
its cutting action. It is vitally important to use this belt at highly 
specific operating conditions . 

It is possible with such a combination to produce a highly biarnished 
surface by exerting considerable pressure between the belt and the speci- 
men to be finished. However, much less cold flow and an even smoother 
finish can be obtained by using a very light pressure between the belt 
and the specimen. So far as is known now this is a unique property of 
the type of specimen material. 

It is significant that, as mentioned earlier in this report, chrome 
oxide was first \ised for this final step although tallow was later used. 

By experimentation it became apparent that there was little or no value 
in the chrome -oxide stick as an abrasive, but rather that the beneficial 
effects arose from the ability of the stearate base or bond to inhibit 
the abrasive and cutting action of the belt. It was this experience 
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which led to the final practice of using tallow on a well-worn ^00-grXt 
belt for the final finishing step. 

The belts were made from commercial rolls of Behr -Manning cloth- 
backed abrasive. Appropriate lengths were cut on a bias and the belt 
was formed with a butt joint backed up with a manila paper of about 

0.006-inch thickness and cemented with a commercial grinding disc cement 
(Gardner No. 2 Disc Wheel cement). 


\ 

Specimens Prepared by Cooperators 

Certain cooperators prepared their own specimens from stock heat- 
treated at the University of Michigan. In general, such specimens were 
for special purposes as follows; 

1. The Lewis laboratory of the NACA prepared their own specimens 
because they were interested in studying surface -finish effects. The 
gage section was made by form-grinding in a cylindrical grinder with a 
60 -grit aluminum-oxide, vitrified bonded wheel of grade J and density 5* 
The grinding wheel speed was maintained between 5^000 and "JfOOO surface 
feet per minute and the specimen speed for the finish cut was maintained 
between 200 and 300 surface feet per minute. The "polished" finish was 
prepared by polishing the gromd surface with successively finer grades 
of emery cloth and paper, finishing in the longitudinal direction of the 
specimen with paper grade 20. The "rough" finish was prepared by semi- 
polishing the ground specimens to remove the grinding scratches and then 
roughening the surface by holding a strip of l4-6-grit abrasive cloth 
against a slowly rotating specimen, causing circumferential finish marks. 
The "ground" specimens had the finish obtained in grinding, the finish 
marks being circ\amferential. One lot of specimens was tiurned in a lathe 
which gave the same finish described for the "polished" specimens. 

2. The notched specimens for the rotating cantilever beam tests at 
the Ifaiversity of Minnesota were prepared separately. It seemed hnpos- 
sible to duplicate the surface finish of the other specimens in a notch. 
The John Stulen Compsiny made the specimens for the Ikiiverslty of Minnesota 
using the following procedm'e: 

(a) Rough turned to 0.070 inch oversize in diameter 

(b) Rough ground to O.025 inch oversize in diameter; feed, 

0.040 inch per minute 

(c) Rovigh ground to O.OO7 inch oversize in diameter; feed, 

' 0.020 inch per minute 

(d) Finish ground to size; feed, 0.010 inch per minute 
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3. Part of the specimens used for axial fatigue tests at 1,000*^ F 
and 1,500° F at the Iftiiversity of Minnesota were heat-treated and machined 
by the University of Minnesota. These specimens are designated in table IV 
by "N ... F" rather than the "j ..." designation used for specimens pre- 
pared at Michigan. The specimens were taken from the same stock as those 
prepared at Michigan but obtained directly from the supplier. Apparently, 
the machining procedure approximated that used at Michigan (ref. 3) • 

k. A few specimens were prepared by the Elliott Company from blanks 
heat-treated at Michigan. 

5. Rolls-Royce prepared their own specimens from heat-treated blanks 
furnished to them. 


TEST DATA 


Test data from each individual cooperator have been included sepa- 
rately in the report. An effort was made to present the data exactly 
as reported. In general, the fatigue cvirves have been drawn as nearly 
as possible the way the cooperator did in submitting the data. In a 
few instances, curves were redrawn to present the data on a time' basis 
rather than a nimiber-of-cycle basis. In such cases, however, care was 
exercised to maintain the fatigue strength reported by the cooperator. 

This procedm'e has been used because in several cases where there 
was duplication of tests it is probable that the curves woiad have been 
drawn differently if all the data had been considered. It seemed evident 
in considering the data that this feature was significant. 

The data for each cooperator are explained in the following sections 
and any significant featiures recorded. 


Static Tensile and Rupture Tests 

There was little variation in yield strengths between 1,000° 
and 1,500° F (see table II) although the tensile strength decreased appre- 
ciably over the same temperature range. Ductility also decreased with 
temperature. The agreement between check tests was quite close. 

The original stress-rupture data obtained are given in table III 
and figure 3. The points fell on straight lines of logarithmic stress 
against logarithmic rupt\jre time with no more scatter than iisual even 
though the specimens were taken at random from the original mill lengths 
of bar stock. The curve for 1,200° F was unusual in that there was a 
decrease in slope at about 100 hours and 45,000 psi, which is somewhat 
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ijniisual. There appeared to be more scatter in elongation and reduction- 
of -area values than in the ruptinre times . They tended to decrease with 
time for rupture and were lowest at 1,200° F. 

When the data for static tests in the dynamic creep test xinit at 
Syractise Iftiiversity became available, their slightly lower rupture 
strengths were evident. Certain check tests were made to try to deter- 
mine the cause (table III and fig. 5 ) • 

Two specimens from the original group heat-treated and machined for 
Syracuse (fig. 1(a)) were tested at Michigan. One test fell closer to 
the Syracuse data than the original tests at Michigan (JX4) . The other 
one was closer to the original data (<IR5) • Two check tests were made 
on new specimens 'using a 1-lnch gage length 0,250 inch in diameter to 
see if specimen size and surface preparation were responsible. The frac- 
ture times were slightly less than the original curve for 0.505-inch- 
diameter specimens. One additional test was made on a 0.250-inch-dlameter 
specimen with a 2- inch gage length to see if the 2-lnch gage length of 
the Syracuse specimens was a factor. A perfect check of the original 
data on 0 .505-lnch-diameter specimens was obtained. These resiilts tend 
to indicate variation in properties of the Individual specimens (JX4) 
covild have been a contributing caiise and probably was combined with some 
factor in testing technique. Specimen size or surface finish was appar- 
ently not a factor. One possible reason for a consistent variation in 
specimen properties might have come from all of the original specimens 
tested at Michigan being taken from the end of the mill lengths, whereas 
the Syracuse specimens were taken farther along the bars . 

Creep data from the rupture tests in the form of curves for O.5 
and 2 percent deformation against testing time are sho'wn in figure 4. 
Minimum creep rates measured are included as curves of stress against 
creep rate in figure 5 * These data are limited to 1,200°, 1,550°, and 
1,500° F because deformation on loading at 1,000° F exceeded deforma- 
tions of interest. 


Dynamic Axial Stress Fatigue and Creep Tests 

The dynamic creep test machine stresses a specimen axially with 
combinations of steady and alternating stress ranging from steady-load 
creep tests with no fatigue load through combinations of fatigue and 
steady stresses to completely reversed stress fatigue tests. The test 
data obtained are given in table IV. It will be noted that a series of 
tests was made at several constant ratios of alternating to mean stress 
(both alternating and mean stress were varied at a constant ratio) . The 
primary graphical treatment was curves of mean stress against time for 
fractxrre for each constant ratio (see fig. 6), or of maximum stress against 
time for fracture (see fig. 7) . The former method is most convenient for 
low ratios of stress and the latter, for high ratios. 
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Ratios of alternating to mean stress of 2 and » were used at room 

temperature and 1,000° F. At 1,550° and 1,500° F the ratios were 0, 0.25, 

0 . 67 , 1.64, and », A ratio of » involves completely reversed stress 
fatigue tests, while a ratio of 0 is a steady-load rupture test. 

Creep data were also measured for the tests which did not go into 
compression (stress ratios of 0, 0.25, and O.67). The specimens had a 
2-inch gage length of imiform diameter. Figure 6 includes cxirves of 
mean stress versus time for total deformations of 0.5 and 2.0 percent 
for these stress ratios . Elongations of the fractured specimens are 
included in table IV. Minimum creep rates are compared with those for 
rupture tests in figure 5* 

In the tests in which the alternating stress went into compression 
(stress ratios of 1.64, 2.0, and 00), ft was necessary to use a profile 
specimen with a minimum diameter to avoid buckling. Two tests were made 
at a ratio of O.67 and 1,500° F to check the results from the two types 
of specimens. The agreement was quite good (see fig. 6). Creep data 
co\ild not be obtained from profile specimens, however. By agreement 
the gage section of these specimens was made idential to the high- 
alternating -stress specimens in the Kroiise machine . The following fea- 
tures of the data should be recognized: 

1. Rather complete data were obtained for establishing the curves 
at 1,550° and 1,500° F. 

2. Subsequent to the original curve established with specimens 
machined by the NACA at Michigan, the University of Minnesota conducted 
additional tests at 1,500° F for a stress ratio of « on specimens which 
they heat-treated and machined. The latter data yielded a cvirve which 
was of a considerably hi^er stress level than the original curve. For 
this reason two curves are included in figure 7 f°i' ^ ratio of 00 at 
1,500° F. The specimens were made from bar stock from the same ingot as 
that used for specimens made at Michigan but were not part of the stock 
supplied to Michigan by the producer. 

3. Tests were also made at 1,000° F on specimens heat-treated and 
machined at Minnesota. The data, however, are inconclusive as to whether 
there was a difference in the properties of the two groups of specimens. 

4. The data are very sparse at room temperature and 1,000° F. The 
curves shown in figure 7 very approximate. Both a shortage of speci- 
mens and considerable testing difficulty were encountered, as detailed 

in the notes to table IV. The points in figxjre 7 for which there were 
extenuating circumstances have been starred. The shortage of specimens 
led to retesting unbroken specimens after varying times of testing at 
higher stresses with a consequent uncertainty of the effect of prior 
history. Secondly, a good deal of diffic\ilty from overheating due to 
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damping while the load was being applied was encountered, particularly 
at 1,000° F. Those tests carried out at reduced cyclic speeds during 
loading to prevent overheating are indicated in table IV. It was also 
noted that stresses below ±^4^,000 psi gave no difficulty. A small amount 
of overheating at 1,550° F was also noted for the high-stress tests at 
zero mean stress. 

The data presented are published and discussed in detail in refer- 
ences 5 and k except for the oo stress-ratio tests at 1,500^ F for speci- 
mens heat-treated and machined at Minnesota. 


Krouse Axial Fatigue Tests 

Data were obtained for combinations of steady axial stress and super- 
imposed axial dynamic stress at 1,200^^ 1^550^^ 1^500^ F (see table V 

and fig. 8 ) . A series of tests was made with varying mean stress with con- 
stant amounts of alternating stress^ which led to stress - rupture-time 
curves for the various constant alternating-stress values . The tests at 
1,200^ F were stopped at ±25,000 psi because of load limitations of the 
test machine. Tests were carried out at increasing alternating-stress 
values at 1,550^ and 1,500^ F to completely reversed 0 mean stresses. 

Most of the curves with varying mean stress were reasonably well 
established in the range of 50 to 500 hours and were fairly consistent. 

The completely reversed stress curves are, however, based on very meager 
data. There was no evident effect from changing the dimensions of the 
specimens for the high -dynamic -stress tests. Some difficulty in allnement 
from grips was encountered for the high-stress tests. This was corrected 
and only the successful tests have been plotted in figure 8 . No over- 
heating during application of the loads was reported. 

It will be noted that increasing amounts of alternating stress 
reduced strength as measured by mean stress. The reduction, however, 
decreased with increasing temperature so that there was little effect 
at 1,500^ F. 

The curves for completely reversed stress tests at 1,350^ 

1,500^ F were very nearly horizontal. Apparently in this type of test 
there is a characteristic maximum stress above which fracture occurs 
immediately and below which fracture is prolonged indefinitely. 


Sonntag SF-^ Axial Fatigue Tests 

The influence of varying alternating axial stresses on the time 
for fracture under constant mean stresses was established at room tem- 
perature, 1,000^, and 1 , 550 ^ F (see table VI and fig. 9 )* The data show: 
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1. For time periods of 10 hours or less at 1,000° F, the magnitude 
of the alternating stress rather than the mean stress in the range from 
40,000 to 60,000 psi appeared to govern fracture. The approach to a 
common value of ±30,000 psi for fractvire for these mean stresses suggests 
that the fatigue load governed fracture . 

As the alternating stress was reduced, the c\jrves diverged, indi- 
cating that mean stress became increasingly important in governing frac- 
ture time . 

The necessity for the ciorves to drop rather abruptly to the rupture 
time from rather high levels of alternating stress indicates that there 
is a range of low alternating stresses which have little effect on frac- 
ture time . Thus , there appear to have been three types of response to 
the test conditions : 

(a) Nearly pure fatigue at high values of alternating stress 

(b) Fatigue and creep both governing life at intermediate values of 

alternating stress 

(c) Nearly pure creep at low values of alternating stress and pro- 

longed times for fracture 

2. The tests at 75,000-psi mean stress indicate that when there is 
a high level of mean stress small amounts of alternating stress result 
in an excessive maximum stress and short life . 

3. The data at 1,350° F follow the pattern of other tests in that 
as the temperature increased larger amoxmts of alternating stress were 
required to shorten life from a given static rupture time . 

il-. The data at room temperatiore are sparse, but suggest approach 
to a fatigue limit at 75,000 psi ± approximately 27,000 psi. 

5- Fairly extensive testing problems were encountered for tests 
at high mean-stress values. The combination of this factor together with 
correction of eccentricity part way through the testing program makes it 
difficult to analyze causes for abnormal test results . These factors 
masked any effect, if one was present, from specimens machined at Michigan 
and the Elliott Company. It is sijggested that the combined influence of 
both fatigue and creep at intermediate alternating-stress values could 
in Itself have been a source of erratic data. 

6 . The meas\jring and control of temperature by thermocouples meas- 
uring furnace temperatijre could have masked overheating effects . This 
covild have been responsible for apparently low strengths at high alter- 
nating stresses, as will be discussed later. 
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Ruptijre Tests With Superimposed Rotating Bending Stress 

A series of tests was carried out at 1,550° ^ with 10,800-cpm 
rotating bending stresses superimposed on a steady axial stress of 
28,000 psi (see table VII and fig. 10) . 

All the combined stress tests had less than one-third the life of 
the rupture test alone. The three lowest alternating-stress tests failed 
by rupture at points remote from the point of calculated maximum stress . 
Only the highest alternating stress gave fracture at the point of maxi- 
mum stress, and this was a fatigue failure. 

The pronounced reduction in life from as small an alternating stress 
as +5,000 psi was considerably different from behavior of specimens in 
axial combined stress tests . The axial tests showed either no reduction 
or an increase in life from small alternating stresses . The reason for 
the effect as well as the fracturing at points other than those of maxi- 
mum stress is uncertain. The most likely explanation points to some 
material and testing-machine effect rather than to the presence of rotating 
bending stresses . 

Superimposed alternating stresses of small magnitude can increase 
strength for a given mean stress, as indicated by other tests. This 
does not appear to be an adequate explanation of the abnormal fractures 
because it is difficult to see how the point of msiximum stress coiild 
have been strengthened while the life could have been lowered by one- 
third in other parts of the gage length, where the bending stresses were 
less . It was reported that other materials had always fractured at the 
point of maximum stress, so that some material characteristic apparently 
entered into the abnormal results . 

Creep data obtained dioring the test and included in figirre 10 as 
total -deformation curves were apparently Influenced less than the rupture 
time by the bending stresses . The much longer times required for frac- 
ture than for total deformations of 2 percent were rather striking. 


Westinghouse Reversed Bending Fatigue Tests 

The Westinghouse machine bends a specimen in one plane at 7^200 cpm. 
The results of the tests carried out at room temperature, 1,000°, 1,200°, 
1,550°, and 1,500° F are given in table VIII and shown as S-N curves in 
figure 11. 

Fatigue limits were established by 5 X 10^ cycles at room tempera- 
ture, 1,000°, 1,200°, and 1,550° F. A fatigue limit was not established 
in 10® cycles at 1,500° F. There was no apparent difference in fatigue 
life between specimens finished by the specially controlled practice and 
those simply turned and hand polished. 
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Effect of Surface Finish on Reversed Bending Fatigue 
Properties at Room Temperature and 1,350° F 

Plain ground specimens were found to have considerably lower fatigue 
strength than polished or roughened specimens at room temperature in the 
Westinghouse reversed bending fatigue machine (see table IX and fig. 12) . 
The difference was considerably reduced at 1,350° F, although the polished 
specimens were still slightly stronger. 

Stress -relieving at 1,400° F for ^4- hoiors did not reduce the strength 
of the polished specimens at room temperature and may have increased it 
slightly at high stress values (see table IX and fig. 12) . Repolishing 
after stress-relieving did not alter the strength. The strength of the 
roughened specimens was, however, reduced to that of the ground specimens, 
and the ground specimens were not affected. 

The turned and polished specimens had the same fatigue character- 
istics at 1,350° F as the grovmd and polished specimens. (See table IX 
and fig. 12.) The values reported for fatigue strength of polished speci- 
mens at room temperat\ire were slightly lower than those reported by 
Westinghouse, although it is doubtful if the difference is justified in 
view of scatter of data. There was no difference in reported strength 
from the two laboratories for 1,350° F. 


Fatigue, Damping, and Elasticity Properties From 
Variable-Speed Rotating Cantilever Beam Tests 
on Notched and Unnotched Specimens 

The fatigue data are given in table X and plotted in figure 13. 
Figvire 13 also shows ciorves for the "first evidence of crack" for the 
notched specimens as obtained from changes in damping and stiffness 
behavior. It was not possible to obtain evidence of cracking prior to 
fracture from the damping and deflection data for the unnotched speci- 
mens . Such values woiild, however, be so close to the fracture curve as 
nearly to coincide with it . 

The fatigue curves were considered approximate because of the small 
nxmiber of points . The approximate fatigue strengths were : 
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Type of 
specimen 

Temp . , 
op 

Stress, psi, for failiire 
in indicated cycles 

Effective stress concentration 
factor at 5 X lo"^ cycles 

(a) 

lo"^ 

3 X lo"^ 

Unnotched 

Room 

±53,000 

±53,000 



1,350 

±40,000 

±^40,000 



1,500 

±29,000 

±29,000 


Notched 

Room 

±25,000 

±23,500 

2.2 


1,550 

±22,000 

±21,500 

1.85 


1,500 

±19,500 

±19,000 

1.50 


^Theoretical stress concentration factor according to Neuber*s 
method was 2.6. 


It is evident from these data and the curves of figure I3 that the 
notch drastically reduced strength. In fact, the notched specimens at 
room temperature were weaker than the unnotched at 1,500^ F for stresses 
below ±51,500 psi. Also there was very little difference in strength 
of notched specimens from room temperature to 1,500^ F for lOT cycles. 

The difference in cycles for the first evidence of a crack and actual 
failure for the notched specimens was large . 

Because the cyclic speeds were so nonuniform in these tests, the 
significance of the times for fracture (table X and fig. 1^) is uncertain. 
It would seem that considerable information ought to be available from 
these data regarding influence of cyclic -speed effects. However, the 
data are so few and scatter so much that any possible conclusions are 
masked. It is evident that cyclic-speed variations caused two points 
for notched specimens to deviate far more widely than on the basis of 
number of cycles. Observations other than this are masked by data scatter. 

In addition to the fatigue data, damping and dynamic modulus -of - 
elasticity data were obtained by the cooperator. These data are thoroughly 
presented and analyzed in reference 5* For this reason such data are not 
presented in this report. The more important trends discernible from the 
data were: 

1. Damping increased with stress and temperature in a complex manner, 
depending on the stress level, number of cycles, and temperature. Fig- 
ure 15 shows the specific damping (inch-pounds of energy absorbed per 
cubic inch of metal per cycle for uniform stress) as a fimction of stress 
for the three test temperatures . 

2. The greater damping with increasing temperature for the tempera- 
tures considered at a given stress is evident. 
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5. The increase in damping with stress became sensitive to the num- 

ber of cycles above certain limiting stresses at each temperature: 

(a) Room temperature - The damping decreased with number of cycles 
at stresses between ±5^jOC)0 and ±60,000 psi. Above ±60,000 psi the 
damping increased with nimiber of cycles . 

(b) 1,550° F - Damping decreased with nimiber of cycles above 

±26,000 psi. 

(c) 1,500° F - There was little effect from number of cycles. 

4. The rather high damping capacity at high stresses is noteworthy. 
The values are much higher for the engineering stress range than would 
be indicated from the low stress measvirements and the usually accepted 
value of 5 for the exponent of the damping-capacity - stress curves . 

Data on damping for notched specimens did not show cyclic-stress 
sensitivity. Perhaps the most important point to be noticed from the 
damping data from the notched specimens is the very small volvime of 
metal absorbing energy and the consequent low energy-absorbing capacity 
in the presence of a notch. 

The resxilts of the measvtrements of dynamic modxilus are sirnimanized 
in figure 16. As in the damping measiirements , dynamic moduliis values 
change with stress and mmiber of cycles , the major change being above 
some limiting value of stress . The changes in modulus were generally 
opposite to those for damping. 

Determinations of dynamic stress-strain relationships are compared 
with static values and the fatigue limits in figure I7 • The values 
reported are the deflections for the individual tests at 100 cycles of 
reversed bending. In addition to the static tension curves shown by the 
dashed lines, data from one static bending test are shown at room temper- 
ature by the small solid points . The bending data checked the dynamic 
values above the proportional limit rather than the static tension curves . 
It will be noted that : 

1. The dynamic proportional limit was above the static tension 
values. This might have been Influenced by the sensitivity of the strain 
measurements and the lose of separate specimens for each point. 

2. At room temperature and 1,350° F the fatigue strength was above 
the dynamic proportional limit and was very close at 1,500° F. 
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Eolls-Eoyce Eotating Cantilever Beam Test 

Completely reversed stress tests were conducted on small specimens 
rotated at 5,500 rpm with a cantilever beam load. The specimens were 
profiled to a minimum diameter. The heat-treated bar stock furnished to 
Eolls-Eoyce was quartered and the specimens were machined from the quar- 
ters . Because of this procedure and the short length of the specimens , 
a number of tests were obtained from a single bar furnished to them with 
the coding system established by Michigan. 

The data obtained from the tests at 1,200^, 1,550^, and 1,500^ F 
are recorded in table XI and shown as S-N curves in figure I 8 . The fol- 
lowing observations should be recognized: 

1. Fatigue limits were apparently attained by lo"^ cvcles at 1,200^ 
and 1 , 550 ° Apparently, a limit was not reached in IQO cycles at 
1,500^ F. 


2. There appeared to be two distinct curves at 1,500^ F. The higher 
curve was defined mainly by specimens from bars JPl4 and JB15- The lower 
curve was based mainly on specimens from bar JEI 6 , although there were 
test points on this curve from JPl^ and JB15- Eolls-Eoyce suggested 
that this was evidence of appreciable variation along the length of the 
bars . Comparison of the data with those obtained in the Westinghouse 
machine, however, shows that the total scatter was about the same. Thus, 
there may have been an appreciable contribution to the scatter from bar- 
to-bar variations . 

Bar JR came from a point in the ingot intermediate to JP and JS, 
so that this does not appear to be a cause of variation. Also, all three 
bars involved were taken from about the same location along the length 
of the original mill length. 

5 . The quartered specimens used by Eolls-Eoyce gave the same fatigue 
strengths as those obtained from other reversed bending tests in which 
the gage section was in the center of the original bar. 


NEES Eotating Cantilever Beam Fatigue Tests 

Tapered specimens having uniform stress in the gage length were 
tested in the 1,700-cpm rotating cantilever machine of the Naval 
Engineering Experiment Station at 1,350° F. (See table XII and fig. 19 •) 
The S-N curve of figure I 9 indicates a lower fatigue strength than the 
other reversed stress tests. Actually, however, the scatter of points 
is the same as in the other tests. Thus, the fatigue results in this 
test checked other machines even though the NEES preferred to report a 
curve at the lower range of the test points . As with other reversed 
stress tests at 1,550^ F, a fatigue limit was attained at 10^ cycles. 
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Fractxjre Characteristics 

The results of extensive studies of fractured specimens are sum- 
marized as follows ; 

1. Fatigue nuclei can appear in fractixres of specimens tested at 
1^550° sn H 1 , 500 ° F when an alternating stress of approximately 67 per- 
cent of the mean stress is applied. (See fig. 20.) The appearance of 
nuclei under combined stress apparently increases with alternating stress 
to a limit where the maximum stress (at a given mean stress) exceeds the 
limit the material can withstand for even a short time, and a tensile - 
type fractxjre resialts . This occurred in the 1- and 2-minute tests for 
dynamic creep with completely reversed ax;ial stresses at 1,550° F and 
accoimts for those specimens at the outer range of alternating stress 

in combined tests which did not show fatigue nuclei. 

For the lower values of alternating stress, the mean stress, at 
least, can be reduced to values where no nucleus appears and failure 
occurs entirely by creep rijptvire . This is equivalent to saying that , 
as the time for fracttire is increased by decreasing the mean stress, 
fatigue nuclei tend to disappear and the failure is characteristic of 
a creep-rupture test. 

At 1,000° F fatigue nuclei apparently occur at lower ratios of com- 
bined stress than at the higher temperatures . On the other hand, tests 
at 1,200° F in the Krouse machine did not show fatigue nuclei when the 
alternating stress was nearly equal to the mean stress . 

All completely reversed stress tests showed fatigue nuclei, except 
a few very high stress tests of very short d\iration which appeared to 
have failed entirely by excessive deformation. 

2. The longer time tests at 1,350° F had more of a tendency to frac- 
ture with a fatigue nucleus than tests at 1,500° F at the same ratios 

of alternating to mean stress . Apparently at higher temperatures there 
is more of a tendency for fracture by creep rupture than by fatigue for 
the same times for fracture . 

3 . The fractures in the fatigue nuclei were straight, transgranular , 
and showed no evidence of deformation. 

In those specimens which failed in a short time with a fatigue 
nucleus, the remaining area of fracture outside the nuclei resembled 
short-time tensile fractures. As the time for fracture increased, the 
fracture area outside the nucleus tended to resemble rupture test frac- 
tures at the same time period; that is, the fractures became increasingly 
intergranular . Even the completely reversed axial fatigue specimens 
showed substantial amounts of intergranular fractiire at the longer time 
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periods at 1,350° and 1,500° F. Low mean stresses and high alternating 
stresses reduced the tendency for creep-rupture type of failure and often 
resulted in what appeared to be a combination of fatigue nuclei, creep- 
rupture, and rapid tensile-type fractures. High mean stresses and low 
alternating stresses favored creep-ruptinre type of fracture even for the 
same time for fracture . 

14-. Fatigue nuclei appeared both internally and at the surface of 
axial fatigue specimens . 

5. Creep-rupture specimens normally show intergranular cracks adja- 

cent to the main fracture, particularly at the sinrface . This tendency 
normally increases with both temperature and time for fracture . This 
tendency was reduced by high alternating stresses, although intergran\ilar 
cracking at the surface was found even in the longer duration completely 
reversed axial stress tests at 1,350° 1,500° F. A longer time for 

fracture or a higher temperature seems to be required to produce a given 
state of crack formation under fatigue loading. 

6 . No evidence was found to show that an intergranular creep-rupture 
crack initiated a fatigue nucleus. In fact, it was not possible to deter- 
mine whether the fatigue nucleus or the creep-rupture type of fracture 
occurred first or whether they developed simultaneously in the combined 
stress tests . 

7 . There is some scatter in the data relating fatigue nuclei to 
stress in figiire 20. The scatter, however, seems related to some extent 
to the type of test machine . This is mainly evident in the comparison 
of the dynamic creep test data and the Krouse machine data at 1,350° 
and 1,500° F. While the data are very few, it appears that alternating 
stresses for fatigue need to be slightly higher for the Krouse specimens 
to develop fatigue nuclei. This may have been related to the \ise of 
profiled specimens , as compared with uniform-diameter specimens , in the 
dynamic creep specimens. It seems possible, however, that the higher 
cyclic speed may have been a factor in the greater nuclei-forming tendency 
of the dynamic creep specimens . This is partially supported by the one 
good test in the 10,800-cpm General Motors machine at 1,350° showing a 
fatigue nucleus whereas the tests in the 3,600-cpm dynamic creep test 

and Sonntag SF-4 machines did not. Again, however, this might have been 
due to the rotating bending in the high-speed machine instead of axial 
fatigue loading in the slower machines . 

8. A very detailed study of fractures was carried out at Syracuse 
and Minnesota on their test specimens. (See refs. 6 and 7 .) In general, 
their findings agreed with those of others. It was foimd, however, that 
a prohibitive amoxmt of work would have been necessary to duplicate their 
quantitative measurements of percentage intergranular fract\jre in all 
specimens . As they found, it is difficult to estimate such values 
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reliably. For this reason this report has been restricted to qualitative 
observation sind is nowhere as detailed in description of fractures . 

Typical microstructures for the original material, fracture at a 
fatigue nucleus, and a rupt\u*e fracture are included as figure 21. The 
reader is, however, referred to the remarkable composite photographs of 
complete fracture profiles in reference 7 more complete pict\rres of 
fracture . 

Reference 7 also indicates that structural changes are slightly 
increased in rate by stress . High alternating stress was reported to 
increase the rate of breakdown of an intergranular precipitate which 
occurs in the test alloy at prolonged times at 1,350° 1,500° F. 


DISCUSSION 


The data obtained show the relationships between static and fatigue 
properties of the test material over a wide range of temperatures . Test 
conditions ranged from ordinary tensile and creep-rupture tests through 
combinations of steady and fatigue loads to completely reversed fatigue 
tests. The features of the relationships between steady and fatigue 
loads will be correlated in the following sections. 


Ruptxire and Fatigue Strengths 

The influence of superimposed fatigue loads on curves of stress 
versus rupture time was as follows: 

1. As the temperature increased, larger amounts of fatigue loading 
could be added without appreciably affecting the cwrve of stress versus 
ruptirre time. (See figs. 6 and 8.) At a high temperature for the alloy 
(1,500° F) fatigue stresses as large as 67 percent of the steady stress 
did not change the curve of stress versus rupture time appreciably. 

2. As temperature was lowered, less and less fatigue load coiild be 
tolerated without reducing strength. At 1,350° F fatigue loads up to 
±15,000 psl had little effect, while at 1,200° F loads above ±7,500 psl 
reduced strength. (See fig. 8.) 

3. The reduction in strength due to superimposed fatigue loads tends 
to be greater at short time periods than at long time periods. This is 
evident in the tendency of the curves of stress versus rupture time for 
the higher superimposed alternating stresses to converge at long time 
periods in fig\ires 6 and 8. 
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4. At high ratios of alternating to steady stress, the curves of 
mean stress against rupture time tend to flatten out . This behavior 
would be expected inasmuch as the completely reversed stress curve would 
necessarily have to be horizontal at zero mean stress . The major influ- 
ence of temperature is to control the alternating-stress level at which 
the flattening occurs and the resulting degree of strength as is evident 
in the curves of figures 6 and 8. 

5. Completely reversed stress 6uid high ratios of alternating to 
mean stress are more realistically presented in terms of maximum stress, 
as in figures 7 and 8. It is evident that these high-stress fatigue 
curves based on maximum stress cross or lie above the curves for smaller 
amo\mts of superin^josed dynamic stress at the longer time periods when 
both are considered on a maximum- stress basis. 

These trends in the relationship between static and dynamic rupture- 
strength characteristics are summarized by the values of alternating stress 
versus mean stress for fracture in 50^ 150 ^ 500 hours in table XIII 

and figure 22. The tendency for the decreasing influence of alternating 
stress with increasing temperatvire is evident. The decreasing influence 
of alternating stress with increasing time for fracture is also evident, 
though it is not so striking as in the curves of stress versus rupt\u-e 
time previously discussed. Perhaps the most significant featvire of fig- 
ure 22 is the fact that at 1,500° F superimposed alternating stresses 
had to be increased to the nearly completely reversed level to change 
strength appreciably. The Indication of slight strengthening from small 
superimposed fatigue loads apparently was real. 

The relative strengths under static and fatigue loads are further 
compared in figure 25. This figure shows the influence of temperatijre 
on static tensile, 0.2-percent-offset yield strength and the 5O-, I5O-, 
and 500-ho\jr rupture strengths, as compared with the completely reversed 
fatigue strengths and the mean stresses for superimposed fatigue loads 
of ±7,500, ±15,000, +25,000, and ±55,000 psi for the time periods of 50, 
150, and 500 hours. These oorves show clearly the temperatures for the 
various time periods where the controlling property shifts from fatigue 
to static stresses. It is interesting to note that, insofar as static 
strength is concerned, the yield strength would govern allowable stress 
up to 1,325° F for 50 hours and up to 1,225° F for 500 hours. Some of 
the ratios involved are also of interest : 
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Ratio 

Loading 

Room 

temp. 

1,000° 

1,200° 

1,350° 

1,500° F 

Fatigue strength 
Tensile strength 

Axial 

Bending 

0.58 

M 

00 CVJ 

0 

.58 

0.58 

.65 

0.54-0.68 

.57-0.66 

Fatigije strength 

Axial 



.54 



1.09 

1.3-1.56 

50 -hr ruptiire strength 

Bending 

— 

.59 

.86 

1.22 

1.5 

Fatigue strength 

Axial 



.61 



1.23 

1.5-1. 8 

150-hr rupture strength 

Bending 

— 

.66 

1.05 

1.38 

1.7 

Fatigue strength 

Axial 

— 

.67 



1.43 

1.7-2 .0 

500 -hr rupture strength 

Bending 

— 

.73 

1.13 

1.6 

1-9 


The ratio of completely reversed strength to tensile strength tended 
to increase from about OA to 0.68 with temperature. The ratios of fatigue 
strength to static rupture strength also remained at about 0.6 at 1,000^ F. 
However, at the higher temperatures, the fatigue strengths were higher 
than the static ruptijre strength, the ratios ranging up to the maximum 
value of 2 for 1,500^ F and 5OO hours. There were variations in the data 
from different tests, which will be discussed later. The general trends, 
however, appear valid for the data and should not be confused by the small 
difference due to test machines . 

The relationships between static and dynamic properties appear to 
be controlled by the relative predominance of creep or fatigue damage 
as influenced by temperature, stress level, and time. At high stress 
levels rapid repetitions of a given stress were more damaging than a 
steady stress from a static load. At temperatures where creep occurred, 
a static stress eventually became more damaging than the same stress 
repeatedly applied. Consequently, conditions were reached at which the 
static strength was less than the fatigue strength. This was true at 
shorter time periods and increasingly higher stresses as the temperature 
was increased. For these reasons, fatigue strengths were always lower 
than static rupture strengths where creep was not involved and for all 
except relatively short time periods were higher at high temperatures 
where creep did occur . 


Fatigue Strengths Based on Cycles to Failure 

The fatigue strengths based on cycles to failure were the same as 
those based on time to failure when fatigue limits were established. 

The two differ because of variation of cyclic speed in different test 
machines when the time periods involved were less than those required to 
establish a fatigue limit, or when a definite fatigue limit was not 
involved. The stresses for fracture established for the arbitrarily 
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selected values of lo'^, 3 x 107, and 10® cycles (table XIII and fig. 2 k) 
show such deviations . The features of figure 2 k are : 

1. At 1,350° 1,500° F the 3^600-cpm dynamic creep test imit and 

the 1,500-cpm Kroiose machine gave considerably different values at low 
superimposed fatigue stresses . The strengths were time dependent under 
these conditions because of the predominating effect of creep, so that 
higher values were obtained in the 3^®00-cpm unit than in the slower, 

1 , 500 - cpm , machine • 

2 . The agreement for the two axial -type units was improved at high 
values of superimposed stresses, but it was not perfect. The reason for 
this is not apparent from the data. 

Influence of Superimposed Fatigue Loads on Creep 

Fatigue stresses superimposed on steady static loads appear to have 
the same effects on total deformation as they do on rupture properties • 
(See figs. 6 and 25.) The data do not cover so wide a range of combina- 
tions of stresses as for rupture, but up to ratios of alternating to mean 
stress of O.67 the behavior had the same general characteristics. The 
most significant difference was the substantial decrease in time for the 
total -deformation curves of figure 6 to converge at 1,350° F, where the 
stress ratio was high enough to reduce strength at the shorter time 
periods . The following tabulation gives the time periods beyond which 
there was no appreciable effect from superimposed stress at 1,350° F; 



Time to reach equal strengths at 

Deformation 

alternating to steady stress 
ratios of 0, 0.25, and O.67, 


hr 

Rupture 

2,000 

2.0-percent total deformation 

800 

0 . 5-percent total deformation 

100 


This illustrates strikingly the degree to which the effects of fatigue 
loads were reduced for limited amounts of creep. Superimposed alter- 
nating loads must have had less effect on creep than on fracture charac- 
teristics . Another way of expressing this effect woiad be to state that 
superimposed fatigue loads probably had little effect until third-stage 
creep occurred. 

The lack of an appreciable effect of superimposed fatigue loads on 
creep prior to third stage is emphasized by the almost complete absence 
of any effect on minimum creep rates for stress ratios up to O.67 at 
1,350° and 1,500° F. (See fig. 5.) In reference 3 it was shown that 
there was no effect of alternating stress on total creep up to the start 
of third-stage creep for the s ame data. 
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The data for total deformations reported for the General Motors 
rupture tests with superimposed rotating bending (fig. 10) differ from 
those established by the dynamic ajcial creep tests (fig* 6). The main 
difference is that the General Motors tests show appreciable times for 
limited deformations at 28,000 ± l8,800 psi whereas the dynamic creep 
tests show that 0.5-percent deformation was exceeded by this stress on 
loading and 2 percent was reached in a very short time period. The two 
sets of data agree very well at 28,000 ± 7^000 psi and for static tests. 

It will be noted that, at the high mean stress of 28,000 psi, a small 
amount of superimposed fatigue loading reduced total -deformation strength. 
The General Motors data indicate no effect from substantial fvirther 
increases in fatigue stress while the dynamic creep tests indicate con- 
tinued decrease in time to reach the deformation. 


Influence of Superimposed Fatigue Stress 
on Elongation in the Rupture Test 

Elongations were reduced from those exhibited by static tests in 
Increasing amounts (table V and fig. 26) by fatigue loading; 

1. At 1,350° F when dynamic to static stress ratios were O.67, 1.61+, 

and 00 

2. At 1,500° F when stress ratios were 1.64 and « 

There was also some tendency for the elongations to be reduced at 
shorter time periods for the smaller dynamic loadings . 

As woxild be expected, there was very little elongation in completely 
reversed stress tests. The values of 2 percent at 1,500° F were, in fact, 
surprisingly high. It is uncertain if this latter effect was due to error 
in measuring matched fractures or represented a real effect from more 
creep in tension than in compression. 

It was Interesting to note that the high values of superimposed 
stress apparently eliminated the time dependency of elongation character- 
istic of static tests . There was also a slight tendency for improved 
elongation at the longer time periods for the lowest dynamic loads (stress 
ratio of 0 .25) . 

This influence of alternating stress on total elongation contrasts 
sharply with the absence of an effect for limited creep deformations or 
total creep through second-stage creep discussed in the previous section. 
While it is true that the limited total-creep effects were restricted 
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to stress ratios of O.25 and O.67, it appears that for these ratios, at 
least, superimposed dynamic stress effects are largely limited to third- 
stage creep. 


Stress -Strain Characteristics Under Fatigue Loading 

Completely reversed stress tests (fig- 17) in a rotating cantilever 
beam type test indicated that static tensile proportional limits fell 
below the dynamic bending proportional limits . Apparently this is not 
necessarily a characteristic result inasmuch as data for mild steel 
showed the opposite effect (ref. 5) • 

Static bending tests gave load-deflection curves at room tempera- 
ture, which coincided with those for the dynamic bending tests. The 
more gradual deviation from proportionality for the bending curves is 
related to the restriction of plastic yielding to the higher stressed 
surface layers in the bending tests . The reason for the higher propor- 
tional limit under bending conditions is not so clear. Possibly testing 
technique, particularly sensitivity of strain measuring equipment, could 
be involved. 

Perhaps the most important point from the dynamic modulus data 
regarding the relationship between static and dynamic properties is that 
static or low-stress modulus data can be very misleading in computing 
resonance effects . At least for the material tested the tendency for 
dynamic moduli to decrease with stress is reduced by increasing tempera- 
ture and also with increased numbers of cycles . Variations of dynamic 
moduli of the type shown by figure 16 could be a source of considerable 
shift in vibration response on both a stress and a nimiber -of -cycle basis. 
Such variations are, however, considerably less for stresses below the 
fatigue limit than for those above the fatigue limit. 


Damping Effects 

The actual data on specific damping (fig. I5) were discussed pre- 
viously from the viewpoint of actual stress and stress history. In 
addition, damping characteristics as evidenced in heating of test speci- 
mens were mentioned for several of the axial-stress -type tests. 

From the viewpoint of the relationship between static and fatigue 
properties, damping characteristics probably alter the relationships 
between static and fatigue properties in a manner that is not evident 
from this investigation. 

Insofar as actixal fatigue is concerned either in practice or in 
testing, one important feature of the data is the very evident excessive 
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temperatures which can be induced by high damping under high fatigue 
loads . For the test material involved damping can be much higher at 
engineering stress levels than would be expected from low-stress data. 

It may also increase or decrease with the nimiber of cycles of applied 
stress . The surprising large damping at high stress levels is probably 
related to the overheating problem encountered in a number of the tests 
in axial stress machines, since the energy absorbed where the whole speci- 
men is being stressed can be quite large . This effect seems to be crit- 
ically influenced by cyclic speed and stress level in a nonuniform manner. 
This observation is based on the extremely rapid temperature increases 
reported for axial tests at room temperatures and 1,000° F above certain 
stress levels. Further it seemed that the machines operated at ^,600 cpm 
were more subject to such heating than the 1,500-cpm machine. In fact, 
reduction of cyclic speed during loading seemed necessary to control the 
heating. Apparently, these critical effects diminish with temperature 
since no one reported overheating at 1,500° F even though damping increased 
with temperature. 

High damping tends to reduce notch sensitivity. A notch is very 
detrimental, however, when material damping is important because the 
volume of metal at high stress in the notch is too small to absorb much 
energy. 

Apparently damping characteristics can vary in different alloys to 
a considerable extent (ref . 5) • 


Influence of Cyclic Speed on Fatigue Properties 

The major emphasis in this report has been placed on properties 
from a time viewpoint . The main problem has been to relate fatigue prop- 
erties to the rupture properties which are expressed in terms of the 
static stress for rupture in a specified time . 

Cyclic-speed effects in the fatigue tests would be expected to : 

1. Show a difference in strength for a given number of cycles where 
the speeds of the machines differ and the fatigue properties are time 
dependent (i.e., no fatigue limit as at high temperatures or at stresses 
above fatigue limit) . 

2. Show a difference in fatigue strength where the cyclic speed 
itself influences properties . 

The data obtained show the following effects regarding cyclic speed: 

1. Tests carried out at low values of superimposed alternating stress 
and at high temperature where creep occurs show differences in strength 
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between the 3 ^ 60 O-cpni and 1 , 500 -cpm machine tests on the basis of number 
of cycles. There was little difference in strength on a time basis (com- 
pare figs. 22 and 2k) at 1^350° 1,500° F. 

2. Comparisons based on number of cycles did not eliminate the dif- 
ferences between the two axial tests at high alternating-stress values . 
(See figs. 22 and 2k at 1,350° and 1,500° F.) Both machines indicated 
fatigue limits, so that there was little difference between comparison 
based on time or cycles. The 1 , 500 -cpm machine gave the higher strengths 
although it is doubtful that cyclic -speed differences were responsible. 

5 . There were differences in fatigue strength for completely reversed 
stress tests. It is difficult to deteimiine if this was due to cyclic- 
speed variation or to other causes . Data scatter tended to obscinre such 
effects. There were a few trends which may be due to cyclic speed: 

(a) The Westinghouse 7,200-cpm machines tended to require higher 
stresses than the other machines to fracture in a given number of cycles . 
(See fig, 2k.) This was not so evident at room tempera tiire as at tem- 
peratures of 1,200° F and higher. 

(b) The short-time tests in the variable-speed rotating cantilever 
tests tended to fracture at shorter times than did the tests in the 
Westinghouse machines . The short-time tests were run at very slow cyclic 
speeds. This, however, is not a definitely established effect, inasmuch 
as some of the other tests also tended to show the same behavior. 

(c) In view of the relatively small differences between the fatigue 
strengths for the variable-speed cantilever tests and the other higher 
speed machines, it seems doubtful the cyclic speed alone had much effect; 
possibly the very slow speeds resulted in low strength for short time 
periods . 

The lowest fatigue strengths were obtained in axial stress test 
machines. This, however, is apparently due to other causes than cyclic 
speed . 

A possible relation between cyclic speed and overheating was dis- 
cussed mder damping effects . High cyclic speeds unquestionably increase 
overheating from damping. 

The possibility exists that fatigue nuclei may be expected in frac- 
tiires from combined stress at somewhat lower stress ratios for higher 
speed machines. This may be the reason for the slight overlap of the 
stress conditions for the appearance of nuclei in figure 20. This does 
not seem unreasonable because the slower speed machines require longer 
times for fractxnre and there is a time -depending effect on the time of 
fracture at 1,350° 1,500° F. 
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Influence of Notches on Fatigue 

No data were accumulated for notched specimens under static stresses . 
The variable -speed rotation cantilever beam fatigue tests indicate the 
very pronoimced reduction of fatigue strength which can result from a 
notch. (See figs. I5 and l4.) The indications that there is little 
difference in the fatigue strength for notched material over a wide range 
of temperatijres were somewhat surprising. Notch weakening was reduced 
by increasing temperature, although there still was a substantial dif- 
ference between notched and imnotched specimens even at 1,500° F. 

The very much longer time required for fracture of notched specimens 
after the first evidence of a crack was also surprising. This is par- 
tic\ilarly true in view of the very short time difference for imnotched 
specimens . This should be an interesting phenomenon for both stress 
analysis and fracture study. 


S\jrface Finish 

The most important general result of the NACA Lewis laboratory 
studies of the effect of s\arface finish is the evidence that such effects 
decrease with increasing temperature . Very little effect remained at 
1,550° F, in spite of the fact that there was a substantial effect at 
room temperature. This checks the cooperator's resxilts on another heat 
of low-carbon N-I55 a1 1 ny (ref. 8) althotigh the other heat showed lower 
strengths and lower temperatiires of disappearance of the effect of siur- 
face finish. 

The influence of surface finish seems to be related more to the 
procedure used in finishing the specimens than to surface roi^hness 
(ref. 8). Polished svirfaces apparently have higher strength than plain 
ground specimens at low temperatures. This, however, does not appear 
to be related to less surface roughness inasmuch as the ro\;igh surface 
was even stronger . Reference 8 attributed the main effect to the com- 
pressive stresses induced by polishing or by the ro\:ighening procedure, 
offsetting the fatigue stresses and requiring higher applied stresses 
for fracture . The reduced effect of increasing temperature was attributed 
to stress relief. 

The data obtained for this report do not substantiate the stress- 
relief theory so definitely as the previous work on the same alloy with 
a lower fatigue strength. Heating at 1,400° F did not change the fatigue 
strength at room temperatiore for either the ground or polished specimens . 
The ro\:igh specimens were, however, reduced to the level of the gro\md 
specimens . 
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All surfaces were cold-worked by the finishing procedures . Cold- 
working definitely alters strength at both low and high temperatures and 
ductility characteristics as well. It seems improbable, therefore, that 
residual-stress effects alone control the effect of surface finish. The 
ground surface should have had the least cold-work and particularly a 
very shallow depth of penetration. The polished and rough surfaces should 
have had increasing effects. A 4-hour treatment at 1,400^ F would not 
be expected to remove the effects of such cold-work, although it should 
considerably decrease the strength and increase the ductility. It is 
probable that a complete evaluation will show a complex relation between 
residual stress, strength, and ductility, as reflected in fatigue prop- 
erties. Thus different alloys, different heat treatments of the same 
alloy, or different response of the same alloy to treatment (see low 
fatigue strength of N-155 alloy in ref. 8) all probably alter surface- 
finish effects . 

Polished specimens of the material used for this investigation pre- 
pared by different laboratories showed no significant difference in 
fatigue characteristics at 1,000^, 1,200^, 1,550^^ or 1,500^ F. It would 
appear, therefore, either that there was little difference in surface 
finishes or that fatigue properties of the alloy at these temperatures 
were not sensitive to variations in polishing. The NACA Lewis laboratory 
data suggested that there ought to have been an effect at 1,000*^ and 
1,200^ F if there were differences in surface finish. Their data show 
slight effects at 1 , 550 ^ true they would indicate greater effects 

at lower temperatures. Possibly their data at 1,550^ F were not outside 
the scatter band and there actually was no great effect even at 1,000^ F, 
as was indicated by their data in reference 8. 

The indication of an absence of surface-finish effects on fatigue 
at high temperatures should not be accepted as general until a much wider 
range of response of alloys to cold-work and stress -concentration effects 
has been studied. In view of the known sensitivity of other properties 
of heat-resistant alloys at high temperatures to cold-work, it seems 
unlikely that all alloys will be free of such effects . This seems par- 
ticularly true for bending fatigue, where stresses are a maximum on the 
siorface . 

There is one very interesting feature of the NACA Lewis laboratory 
data. The ground specimens had a fatigue strength about 5^000 psi less 
than the polished specimens . This is the same order of magnitude as the 
difference between axial and reversed bending fatigue tests . Axial 
fatigue tests would probably be much less sensitive to surface-finish 
effects . The ground specimens were considered to have low strength 
because they were relatively free of surface -finish effects. This sug- 
gests that a major contributing cause for the difference between the two 
types of tests was the increased strength imparted to bending tests by 
polishing. The decrease in difference with increasing temperature also 
parallels the influence of surface finish foimd by the Lewis laboratory. 
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Types of Testing Machines 

There were foiar general types of stress applied by the various 
testing machines : 

1. Axial with superimposed axial fatigue load: In general, this 

type of test gave lower results than the bending-type tests for completely 
reversed stresses . This is shown by the data of table XIII and fig- 
ures 22, 25 , and 24. The actual S-N curves of figure 27 show clearly 

the tendency to be lower. As was pointed out in the surface -finish stud- 
ies, this difference may have largely been due to high compression stresses 
in the surface of the bending specimens . The general absence of a "knee" 
in the S-N curves for axial tests was also evident. 

The difference between the two types of tests tends to disappear at 
the longer times at the higher temperatures . This is more evident on a 
time than on a cyclic basis . 

As disciissed elsewhere, the two axial -type test machines did not 
agree too well over the range of superimposed stresses from static to 
completely reversed stress tests . Apparently, some variable in the char- 
acteristics of the two machines is the most logical reason. Differences 
in cyclic speed do not seem to be the answer . 

The curves of alternating versus mean stress for fracture in 50, 

150 , and 500 hours (fig. 22) at 1,000° F were irregular and approached 
closer to the 1,200° F curves than wouild be expected. No evident reason 
was found to explain the difference . It was noted that the tests at 
1,000° F showed fatigue nuclei at rather low stress ratios whereas those 
tested at 1,200° F showed the opposite effect. It also should be noted 
that the Krouise tests tended to give higher strengths than the dynamic 
creep machine . It is possible that the Sonntag machine gives lower 
strengths than the Krouse machine pulling the curves together at 1,000° 
and 1,200° F. 

2. Axial with superimposed rotating bending fatigue loads: Only 

a few tests were made with this type of machine and only one specimen 
fractured at the point of maximuun stress . This one test agreed very 
well with those made in the aixial fatigue machines . The very little 
evidence indicates agreement between the two types of stressing. The 
reason for part of the tests fracturing away from the point of maximumi 
stress in this test remains unexplained. 

5. Cantilever beam tests, vibrating in one plane with completely 
reversed stress : Only one machine of this type was Involved, although 

it was uised by two laboratories . Different-sized specimens were used 
in the two laboratories . While there were minor variations in the 
reported fatigue strength it is doubtful that the differences were out- 
side the normal scatter of the data. 
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k . Rotating cantilever beam tests : Some variation in reported 

fatigue strengths existed between the various rotating beam tests and 
the fixed bending tests. (See table XIII and figs. 22, 2k, and 27.) 

It is difficult to determine whether such variations were real or reflec- 
ted data scatter . There was a slight tendency for the rotating tests to 
give lower strengths than the fixed Westinghouse machine tests . The low 
curve at 1,350° F reported for the NEES tests was largely due to the 
cooperator's drawing the curve on the low side of sparse data. The test 
points (fig. 27) agree reasonably well with the other tests. 

The very slow variable-speed rotating tests tended to fracture at 
short time periods at the higher stress (fig. 27) • This suggests a 
possible reduction in strength at low cyclic speeds . Otherwise the 
variable-speed tests agreed reasonably well with the other tests . 


Limitations of Findings 

The major limitation of the relationships developed in this report 
is their limitation to one alloy with one heat treatment . It is expected 
that the trends are characteristic of static and fatigue tests. It is, 
however, reasonably certain that the characteristic effects will vary in 
temperature, time period, and magnitude for various alloys or the same 
alloy with varying heat treatments . The data in this report indicate 
that increased creep resistance will increase the temperatiires and time 
periods to which fatigue will control properties. This, however, will 
probably be altered by fracture characteristics at least and probably 
by other characteristics not immediately evident. For instance, factors 
which minimize third-stage creep ought to minimize the effects of super- 
imposed fatigue or steady loads . Alloys may differ considerably in 
sensitivity to surface-finish effects. Likewise, the detrimental effect 
of large grain size on fatigue resistance is reported to be important. 

Many of the fatigue -strength values reported, particularly for the 
high alternating-stress axial tests, are based on very limited data and 
are only approximate . The reported diff iciiltles from overheating by 
damping in these types of tests also raise the question as to how much 
Influence from this source is reflected in the data. 

The Rolls-Royce data suggest that an appreciable amount of scatter 
in the data may have been due to variations from specimen to specimen. 

The substantial difference in fatigue strength for completely reversed 
axial stress tests at 1,500° F on specimens prepared at Michigan and 
those prepared at Minnesota also points to the possibility of some con- 
tribution to scatter from variations in heat treatment . 

There are minor differences in data due to pecxillarities of test 
machines, although presemably they applied the same combinations of 
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stresses. These do not, and should not, complicate the over -all trends. 
They simply point out that there are characteristics of different machines 
which alter the resiolts of the tests to a minor degree . These could at 
least be related to the actual shape of the stress pattern, the way the 
stresses are applied, or to some of the evident difficulties of calibration. 


NACA Headquarters , 

Washington, D.C., Jime I5, 1955* 
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APPENDIX 

PROCESSING OF LOW-CARBON N-I 55 1-INCH ROUND BAR STOCK 


The Universal -Cyclops Steel Corporation reported the processing of 
the low-carbon N-155 t>ar stock to be as follows . 


An ingot was hammer -cogged and then rolled to bar stock under the 
following conditions: 


1 . 


Hammer-cogged to a 13-inch square from a 15— -inch ingot 


Furnace temperatiare , 2,210° to 2,220° F 

Three heats - Starting temperatvire on die, 2,050° to 2,070° 
Finish temperature on die, 1 , 830 ° to 1 , 870 ° F 


F 


2. Hammer-cogged to a 10^ -inch square 

k 

Furnace temperature, 2,200° to 2,220° F 

Three heats - Starting temperature on die, 2,050° to 2,070° F 
Finish temperatinre on die, 1,790° to 1,800° F 


3- Hammer-cogged to a 7-inch square 

Furnace temperature, 2,200° to 2,220° F 

Three heats - Starting temperature on die, 2,050° to 2,070° F 
Finish temperature on die, 1,790° to 1,890° F 

Billets gromd to remove surface defects 

k. Hammer-cogged to a k-lnch square 

Furnace temperatiu'e, 2,190° to 2,210° F 

Three heats - Starting temperature on die, 2,0k0° to 2,060° F 
Finish temperature on die, 1,680° to 1,8^° F 

Billets ground to remove surface defects 


5« Hammer -cogged to a 2-inch square 

Furnace temperatxare , 2,l80° to 2,210° F 

Three heats - Starting temperature on die, 2,050° to 2 , 065 ° F 
Finish temperatxjre on die, 1,730° to 1 , 870 ° F 

Billets ground to remove surface defects 

6 . 1 -lnch rounds were rolled from 2 -inch square billets in one heat 
The 2-inch bars were heated in a furnace at 2,100° to 2,115° F 
the temperature at the start of rolling was 2,050° to 2,06o° F 
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and the finishing temperatures were from 1,820° to 1,840° F. 

The bars were n-umbered in order of their position in the ingot. 

7 , Bars were assigned letters from A throijgh bar A representing 

the extreme bottom of the ingot and bar Z the extreme top 
position . 

All billets were kept in number sequence throughout all processing, 
so that ingot position of any bar could be determined by its 
letter . 

8. All bars were cooled on the bed and no anneal or stress relief 

was applied after rolling. 


\ 
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TABLE I.- BRINELL HARDNESS RANGES OF TEST STOCK 

[Heat treatment: 2,200° F for 1 hr, water- quenched, and 16 hr 

at 1,1+00° F; NACA data from University of MLchigaj^ 


Bar 

(a) 

Brine 11 hardness 
(^>) 

Surface 

Cross section 

Range 

JA 

207-220 

217-218 

207-220 

JB 

197-212 

207-211+ 

197-211+ 

JC 

210-212 

211+-216 

210-216 

JD 

207-208 

210-211+ 

207-215 

JE 

201+-216 

212-217 

201+-217 

JF 

199-214 

212-211+ 

199-21I+ 

JG 

198-215 

201-216 

198-216 

JH 

203-212 

205-212 

205-212 

JI 

192-215 

201-215 

192-215 

JJ 

209-212 

210-211 

209-212 

JK 

205-208 

205-213 

203-213 

JL 

211-214 

211-215 

211-215 

JM 

205 

200 

200-203 

JN 

205-208 

215-211+ 

205-21I+ 

JO 

206-208 

212-211+ 

206-211+ 

JP 

201-215 

211-211 

201-213 

JQ 

201-215 

215-216 

201-216 

JR 

211-215 

212-216 

211-216 

JS 

206-211 

208-212 

206-212 

JT 

205-211 

206-210 

205-211 

JU 

204-208 

213-215 

20I+-215 

JV 

205-207 

211-212 

205-212 

JW 

208-208 

210-216 

208-216 

JX 

205-211 

210-211+ 

203-21I+ 

JY 

211-212 

211-216 

211-216 

JZ 

202-205 

209-211 

202-211 

Over- all range 

192-220 

200-218 

192-220 


^Specimens taken from 26 bars marked A through Z. A represents bottom bar 
from ingot and Z , top bar from ingot, with the others lettered consecutively 
in between. 

^Hardness values were taken on samples cut from center and each end of 
every bar. 


TABLE II.- TENSILE TEST DATA 


[naCA data from University of Michigai^ 


Specimen 

Test 

temp., 

°F 

Tensile 

strength, 

psi 

Proportional 
limit, psi 

Offset yield strengths, psi 

Elongation, 
percent 
in 2 in. 

Reduction 
of area, 
percent 

0.01 

percent 

0.02 

percent 

0.10 

percent 

0.20 

percent 

JMl 

Room ' 

! 

1 119,100 

41,000 

46,000 

48,700 

56,100 

59,500 

45.0 

46.2 

JYl 

Room 

1 119,000 

40,000 

47,600 

50,500 

58,500 

61,500 

42.5 

45.5 

JFl 

1,000 

91,250 

26,750 

51,750 

32,500 

54,800 

55,800 

44.5 

49.5 

JWl 

1,000 

93,900 

26,000 

31,750 

34,000 

38,750 

40,000 

59.5 

45.7 

J^^ 

1,000 

9 i ^,250 

26,250 

32,500 

55,800 

57,000 

57,750 

42.0 

47.1 

JPl 

1,200 

81,200 

25,750 

29,500 

30,500 

54,250 

35,250 

35-0 

38.0 

JGl 

1,200 

79,600 

26,000 

29,500 

51,000 

54,900 

35,800 

33.0 

34.5 

JXl 

1,550 

60,250 

22,250 

27,500 

29,750 

34,750 

56,500 

27.5 

28.5 

JNl 

1,350 

60,125 

23,500 

28,750 

50,750 

55,250 

37,200 

26.0 

28.5 

JEl 

1,500 

45,600 

20,000 

26,250 

28,500 

53,800 

55,800 

19.5 

26.8 

JEl 

1,500 

43,625 

20,500 

26,800 

28,500 

33,200 

55,800 

25.5 

27.1 


VJ4 
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l^i+ 


TABLE III.- RUPTURE TEST DATA 


I^ACA data from University of Michiga^ 


Specimen 

Test 
temp . y 
°F 

Stress, 

psi 

Rupture 

time^ 

hr 

Elongation, 
percent in 
2 in. 

Reduction of 
area, 
percent 

JIIO 

1,000 

85,000 

56 

2I+ 

28 

JT 9 


80,000 

70 

25 

25 

JI© 


75,000 

128 

17 

17 

JPIO 


70,000 

51+5 

11 + 

15 

JL 9 


65,000 

790 

12 

15 

JX 8 

1,200 

65,000 

26 

12 

11+ 

JB 12 


55,000 

1+7 

10 

11 

JAl 


50,000 

61 

10 

11 

JM 2 


L 7,000 

85 

16 

10 

JQl 


1 + 5,000 

195 

15 

8.5 

JM 8 


1 + 0,000 

668 

10 

16 

JDl 


58,000 

1,107 

20 

18 

JSl 

1,550 

52,000 

55 

20 

25 

JCl 


29,000 

112 

57 

1+0 

JBl 


28,000 

21+8 

25 

55 

JJl 


26,000 

556 

50 

1^5 

JTl 


2 l +,000 

665 

20 

50 

JIl 


22,000 

1,561 

12 

20 

JUl 

1,500 

20,000 

51 

51+ 

57 

JKl 

18,000 

108 

28 

52 

JOl 


16,000 

205 

25 

57 

JHl 


ll +,000 

575 

26 

55 

JSIO 


12,500 

1,561 

15 

20 


1,500 

ll +,000 

558 

15 

17 

JjR 5 


ll +,000 

502 

— 

— 

“JA 21 


ll +,000 

1 + 81 + 

25 

21 + 

^jai6 


ll +,000 

1+70 

22 

26 

^JRIT 


ll +,000 

55 ^ 

18 

26 


^Specimens made for dynamic creep tests at Syracuse . 
^0. 250-in. -diara. specimens with 1-in. gage length. 
^0.250- in. -diam. specimen with 2-in. gage length. 
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TABLE IV.- AXIAL FATIGUE DATA FROM 3,600-CPM DYNAMIC CREEP TEST MACHINE 
[^terialB Laboratory, WADC, data from Syracuse University and University of Minnesot^ 


(a) Room ten 5 )erature and 1,000 F 


Specimen^ 

Test 
temp . , 
oy 

Stress 

ratio 

Stress, 

psi 

Cycles 
to failure 

Time for 
fracture, 
hr 

Profile specimens 

JU -23 

Room 

2.0 

21,000 

± 

41,200 

5.3 X 10 ^ 


^24.6 

JB -23 



21,500 

± 

42,200 

32.8 


152.0 

JE-21 



22,100 

± 

43,200 

.5 


CI .5 

JF-20 



22,000 

± 

43,400 

5.9 


18.2 

JT-22(l) 

Room 

00 

0 

± 

44,200 

108.5 


^02.0 

JW-21 



0 

± 

47,000 

15.0 


52.5 

JT-22(2) 



0 

± 

47,200 

57.6 

d 

6267.5 

JP -19 



0 

± 

52,900 

.02 


*.08 

JT-22(3) 



0 

± 

52,900 

•07 


®.55 

N123U(1) 

1,000 

2.0 

19,500 

± 

58,700 

25.5 

d 

^117.0 

NI 23 OF 

1,000 

1.8 

21,000 

± 

57,900 

.004 


1.018 

JLI 9 

1,000 

2.0 

19,700 

± 

59,500 

.65 


3.0 

N1233F 


19,700 

± 

59,500 

.04 


J.I 7 

N1234F 



19,700 

± 

59,500 

10.6 


48.1 

^.1 

N1231F(2) 



20,000 

t 

40,000 

1.1 


N1232F 



20,000 

± 

40,000 

.95 


4.4 

JC20(1) 

1,000 

CO 

0 

± 

59,000 

58.5 


4270.9 

JJl8(l) 


0 

± 

41,000 

40.4 

d 

^ 187 . 4 

J122 



0 

± 

41,000 

.03 


1.15 

JS-21 



0 

± 

43,400 

.002 


““.008 

JC20(2) 



0 

± 

43,400 

.005 


““.025 

JJ18(2) 



0 

± 

43,500 

.003 


°.15 

NI 226 F 



0 

± 

45,500 

.01 


P .05 

N1227F(1) 



0 

± 

43,500 

50.7 

CL 

^142.0 

NI 228 F 



0 

± 

45,000 

.03 


“•.15 

N1227F(2) 



0 

+ 

46,000 

56.5 

d 

6168.0 

N1235F 

N122Tf(3) 



0 

0 

± 

46.500 

48.500 

.03 

.14 


t .15 

^.65 


Specimen numbers with J prefix prepared by Michigan. Specimen numbers with N prefix prepared by Minnesota. 

^lexplate (machine part) failed which bent specimen and stopped test. 

^Specimen fractured in threads. 

^est stopped before specimen ruptured. 

^Previous stress history. See JT-22(l) for previous testing of same specimen. 

^Test section of specimen attained dull red-heat color with consequent elongation of specimen, which stopped test. 

^Previous stress history. See JT-22(l) and ( 2 ). Specimen temperature rose from 75 ° to approximately 400° F 
during time of test. 

^est stopped before specimen ruptured. Variable speed steurt-up procedure used to control damping heat. 

^Specimen ruptvired before machine attained 3,600 cpm. Stress calculated on basis of maximum speed attained. 

Variable speed start-up procedure used to control damping heat. 

•^Specimen teinperature rose 20° from 1,000° F within 20 sec after machine attained 3^600 cpm. Veiriable speed 
start-up procedure used to control danplng heat. 

^Previous stress history. See N1231F(1). q 

^Test stopped before specimen ruptured. Air blast used to control specimen heating at approximately 825 E. 

““Specimen temperature rose from 800° to approximately 1,130° F within 30 sec after machine attained 3^600 cpm. 

“^Previous stress history. See JC20(l). Specimen tenperat\ire rose from 900° to approximately 1,126 F within 
90 sec eifter machine attained 3^600 cpm. 

Previous stress history. See JJl 8 (l). Specimen temperature rose from 900° to approximately 1,150° F after machine 
attained 3,600 cpm. Thermocouple failure occurred 2 min after starting test. Air bleist used. 

^Specimen ten 5 >erat\ire rose from 950° to approximately 1,04-0° F in about 20 sec. Air blast used. 

Srariable speed start-up procedure used to control dan 5 )ing heat. 

^Specimen ten 5 >erature rose from 1,000° to 1,100° F in approximately 30 sec. Variable speed start-up procedure used; 
specimen ruptured before machine attained 3>600 cpm. Stresa calculated on basis of maximum speed attained. 

^Previous stress history. See N1227F(l). Variable speed start-up procedure used to control specimen dan 5 )ing heat. 

^Specimen temperature rose from 1,000° to 1,030° F at time of rupture. Variable speed start-up procedure used. 

^Previous stress history. See N1227F(1) and (2). Specimen ten 5 >erature rose from 1,000° to 1,030° F at time of 
rupture. Variable speed start-up proced^lre used. 
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TABLE IV.- AXIAL FATIGUE DATA FROM 5,600-CPM DYNAMIC CREEP TEST MACHINE - Continued 


(b) 1,350° and 1,500° F 


Specimen 

Test 
temp . , 

Op 

Ratio of 
alternating to 
mean stress 

Stress, psi 

Cycles to 
failure 

Time for 
fracture , 
hr 

Elongation, 

percent 

(a) 

Uniform^diameter gage leng 

th, 2 in. long 

JJ -6 

1,350 

0 

1|0,000 ± 0 


4.0 

18.4 

jy -6 



55,000 ± 0 


22.8 

51.4 

JM -22 



30,000 ± 0 


58.3 

24.7 

JA-20 



25,000 ± 0 


208.8 

28.5 

JC -5 



22,000 ± 0 


1,114.7 

17.9 

jz-16 



17,500 ± 0 


5,185.0 

15.0 

jn -6 

1,350 

•25 

37,000 ± 9,200 

1.64 X 10^ 

7.6 

18.5 

JB-13 



33,000 ± 8,250 

5.88 

27.2 

17.4 

JK-13 



30,000 ± 7,500 

11.3 

52.2 

19.0 

JC -10 



27,500 ± 6,875 

55.8 

165.7 

24.9 

JF-11 



25,000 ± 6,250 

112 

518.5 

20.8 

JG -5 



23,200 ± 5,800 

147.2 

682.2 

22.5 

JV-15 



19,000 ± 4,750 

580 

2,685 

25.8 

JQr 5 



17,500 ± 4,400 

817 

5,785 

l 4.0 

JK -5 

1,350 

.67 

29,000 ± 19,352 

2.44 

U .5 

12.6 

JZ-19 



27,000 ± 18,000 

4.97 

23.0 

8.7 

jo-4 



26,000 ± 17,532 

12.96 

60.0 

14.5 

JP -5 



24,000 ± 16,000 

60.0 

278.0 

8.0 

JM -20 



25,000 ± 16,666 

23.55 

109.0 

9.8 

JZ -20 



24,000 ± 16,000 

65.5 

505.6 

7.5 

JY -4 



22,800 ± 15,200 

85.75 

597-2 

11.9 

JA-19 



21,600 ± l 4,400 

114.5 

550.0 

7-9 

JI -12 



19,000 t 12,600 

456.0 

2,107 

12.0 

JD-15 



18,000 ± 12,000 

540.0 

b 2,500 

— 

lX -6 



17,500 ± 11,700 

609.0 

2,821 

11.0 

JQ -14 



17,500 ± 11,700 

724.0 

5,549 

8.0 

Profile specimens 


JN -5 

1,350 

1 . 61 ; 

15,500 ± 25,400 

17.16 X 10 ^ 

° 795.0 

— 

JW -10 



16,000 ± 26,200 

66.5 

308.0 

2 .k 

JO -9 



16,500 ± 27,100 

l 4.6 

67.7 

k.Q 

JP -11 



17,000 ± 27,900 

9.55 

44.2 

4.8 

JV-15 



18,000 ± 29,500 

5.08 

23.5 

8.0 

JX -10 

1,350 

00 

0 ± 33,600 

68.0 

C315.0 

.2 

JO -5 



0 ± 57,900 

.024 

min. 

.2 

JT -14 



0 ± 58,800 

.012 

2 min. 

.4 

JV -14 



0 ± 39,700 

.005 

1 min. 

1.0 


^Elongations for uniform-diameter specimens were measured over a 2-in. gage length. 
For profile specimens, elongations were obtained by a suitable factor to give equivalent 
percentage of values. (See ref. 3*) 

^Controller failure at 2,126 hr. Estimated rupture time was 2,500 hr. 

^Test stopped before failure because of too long time for fracture. 
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TABLE IV.- AXIAL FATIGRJE DATA FROM 3,600-CPM DYNAMIC CREEP TEST MACHINE - Concluded 


(b) 1,550° and 1,500° F - Concluded 


Specimen 

Test 
temp. , 

Op 

Ratio of 
alternating to 
mean stress 

Stress, psi 

Cycles to 
failure 

Time for 
fracture, 
hr 

Elongation, 

percent 

(a) 

Uniform-diameter gage length, 2 in. long 

JP-12 

1,500 

0 

7,000 ± 0 


(c) 


JI-5 



11,000 ± 0 


1,004.6 

11.6 

JE-5 



15,000 ± 0 


^39&.5 

11.7 

JH-10 



15,000 ± 0 


®221.2 

17.0 

JV-8 



17,500 ± 0 


67.2 

25.2 

jA-16 



19,000 ± 0 


47.9 

28.0 

JO-6 



20,000 ± 0 


24.9 

54.4 

JB-5 



22,500 ± 0 


20.7 

56.4 

JR-IO 

1,500 

.25 

8,800 ± 2,200 

889.0 X 10^ 

4,117.0 

11.1 

JH-5 



10,000 ± 2,500 

603.0 

2,790.0 

11.9 

JF-5 



ii+,ooo ± 5,500 

88.8 

410.9 

15.4 

JT-5 



15,200 ± 5,800 

82.6 

^582.5 

9.6 

JE-12 



16,800 ± l+,200 

45.2 

209.5 

21.5 

JL-5 



19,200 ± l+,800 

18.0 

85.4 

19.9 

JM-21 



22,000 ± 5,500 

5.2 

14.9 

50.0 

JW-4 



2l+,000 ± 6,000 

1.7 

8.0 

28.1 

JS-5 

1,500 

.67 

8,000 ± 5,300 

880.0 

4,066.0 

5.9 

JT-11 



12,000 ± 8,000 

158.0 

640.0 

10.2 

J¥-6 



15,000 ± 10,000 

49.0 

226.5 

15.8 

JD-5 



16,800 ± 11,200 

18.4 

85.1 

18.3 

JL-10 



18,600 ± 12,1+00 

78.4 

36.5 

21.8 

JG-12 



21,000 ± ll+,000 

4.5 

^19.7 

15.7 

JV-15 



22,200 ± ll+,800 

2.4 

10.9 

19.9 

Profile specimens 

JL-8 

1,500 

0.67 

12,000 ± 8,000 

181.0 X 10^ 

857.5 

11.4 

JI-14 



16,800 ± 11,200 

27.0 

125.1 

16.8 

JY-9 

1,500 

1.61+ 

9,000 t ll+,800 

275.0 

1,273.0 



JK-11 



11,000 ± 18,000 

74.1 

345.7 

5.0 

JY-10 



12,000 ± 19,700 

52.4 

150.0 

7.0 

JS-13 



15,000 ± 21,800 

10.9 

50.7 

8.0 

JW-9 



ii+,ooo ± 25,000 

3.2 

14.7 

6.5 

JR-lk 



15,000 ± 24,600 

.08 

.4 

6.0 

JX-9 

1,500 

00 

0 ± 21,800 

226.0 

1,048.0 

2.8 

JU-li+ 



0 ± 24,500 

115.6 

536.1 

— 

JI-15 



0 ± 24,600 

22.9 

106.1 

3.4 

!JH-15 



0 ± 25,500 

25.0 

106.9 

2.4 

JS-14 



0 ± 25,300 

1.8 

8.5 

1.6 

Profile specimens heat-treated and machined at Minnesota 

N1256 f( 1) 

1,500 

00 

0 ± 25,500 

24.1 X 10^ 

^111.5 


fN1256F(2) 



0 ± 28,000 

5.59 

15.7 

— 

N1248F 



0 ± 28,000 

16.1 

74.5 

— 

N1240F 



0 ± 28,500 

.80 

3.7 

— 

NI238F 



0 ± 29,000 

2.18 

10.1 

— 

N1237F 



0 ± 50,000 

.048 

.2 

— 


^Elongations for uniform-diameter specimens were measured over a 2-in. gage length. For profile 
specimens, elongations were obtained by a suitable factor to give equivalent percentage of values. 
(See ref. 3. ) 

^Test stopped before failure, either because of too long time for fracture or experimental- 
difficulties. 

^Discontinued; unbroken at 5,000 hr. 

temperature 20® F low for 2 hr at beginning of test. 

^Statically loaded for 100 hr at l4,000 psi prior to dynamic loading. 

^Previously tested for 111. 5 hr at ±25,500 psi before this test. 
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TABLE V.- KROUSE AXIAL 1,500-CPM FATIGUE TEST DATA 

[office of Naval Research and NACA data from Battelle Memorial Institut^ 


Specimen 

Test 
temp. , 
Of* 

Stress, psi 
(a) 

Cycles to 
failure 

Time to 
f Ed lure, 
hr 

JL7 

1,200 

40,000 ± 25,000 

1.52 X 10^ 

14.7 

JD2 


58,000 ± 25,000 

6.16 

68.5 

JP2 


55,000 * 25,000 

5.27 

58.6 

JG7 


55,000 ± 25,000 

5-65 

62.5 

JI2 


52,500 * 25,000 

11.90 

132 

JT7 


50,000 * 25,000 

37.10 

412 

JE7 

1,200 

55,000 ± 15,000 

.51 

3.45 

JV6 


45,000 ± 15,000 

2.65 

29.2 

JJ2 


59,000 ± 15,000 

27.04 

300.5 

JC5 

1,200 

50,000 * 7,500 

4.18 

46.4 

JQ2 


45,000 * 7,500 

11.79 

131 



59,000 ± 7,500 

69.01 

767 

^JD12 

1,550 

0 ± 45,000 

.005 

.055 

bjc9 


0 ± 42,500 

.022 

.244 

°JV12 


0 * 41,000 

.016 

.18 

^JK12 


0 ± 40,000 

13.19 

146.5 

JJlk 


0 * 57,500 

.025 

.25 

JTI6 


0 ± 55,000 

28.021 

311.3 

JO8 

1,350 

15,000 * 55,000 

.8 

8.8 

JBI5 


12,500 ± 55,000 

10.658 

118.2 

JQll 


10,000 * 55,000 

17.94 

197 

JU8 


8,000 ± 55,000 

67.456 

7^9 

JP7 

1,550 

50,000 ± 25,000 

.378 

4.2 

JC7 


28,000 t 25,000 

.66 

7.3 

JG2 


26,000 ± 25,000 

5.25 

58.2 

JFlh 


22,000 ± 25,000 

24.441 

271.6 

JMI8 

1,350 

52,500 ± 15,000 

2.25 

25 

JN2 


27,500 ± 15,000 

5.10 

56.6 

JR2 


25,000 ± 15,000 

22.0 

244 

JD8 


22,500 ± 15,000 

55.0 

611 

JZ6 

1,550 

52,500 ± 7,500 

5.62 

62.4 

JZ8 


50,000 ± 7,500 

9.04 

100.5 

JK2 


25,000 * 7,500 

36.67 

408 

JVI9 

1,500 

0 ± 50,000 

7.702 

85.6 

JW9 


0 ± 29,000 

18.247 

202.6 

JWI6 


0 ± 27,000 

/8.T52 

C97.2 

J0l4 


0 ± 20,000 

^^84. 59 

«i940 

JYI5 

1,500 

18,000 ± 22,500 

®.28 X 10^ 

65.12 

JKI6 


18,000 ± 22,500 

^ 3.659 

4o.O 

JHI6 


17,000 ± 22,500 

^11.520 

fl25.9 

JKI5 


15,000 ± 22,500 

9.318 

105.5 

JLl4 


15,000 ± 22,500 

15.979 

1 177.5 

JM6 

1,500 

20,000 ± 15,000 

2.15 

25.9 

JS2 


17,500 ± 15,000 

11.58 

128.7 

JA12 


16,000 ± 15,000 

18.72 

208 

JK7 


16,000 ± 15,000 

13.65 

151.5 

JT2 

1,500 

20,000 * 7,500 

4.0 

44.4 

JH7 


17,500 ± 7,500 

11.8 

131 

JV5 


16,000 * 7,500 

21.91 

244 

JZI3 


14,500 * 7,500 

39.78 

442 


^ests at ^7,500, *15,000, and *25,000 psi were made with specimen having configuration shown by- 
fig. l(c); all other tests were made on specimens shown by fig. l(d). 

^Tests not plotted because results could not be checked by subsequent tests . 

Result of test appears to have been affected by bearing failure and replacement during the test, 
^est discontinued because of probable fracture time being excessive. 

^Defective bearing. 

^Test discontinued because of test-machine fadlure. 
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TABLE VI.- SONNTAG SF-4 5,600-CPM AXIAL FATIGUE TEST DATA 
[Elliott Company dat^ 


Specimen 

Test 
temp. , 

Op 

Stress, psi 

Cycles to 
failure 

Time to 
failure, 
hr 

^JL21 

75 

75,000 ± 39,550 

0.15 X 10^ 

0.60 

^JC 22 


75,000 ± 55,880 

.0279 

1.30 

^JY 23 


75,000 ± 27,880 

5.85 

17.8 

JX 5 

1,000 

75,000 ± liv,470 

1.646 

7.63 

JVll 


75,000 ± 4,840 

51.504 

259.0 

JTIO 

1,000 

60,000 1 29,880 

.421 

1.95 

a^JB 24 


60,000 ± 27,350 

1.49 

6.90 



60,000 ± 23,550 

12.176 

56.5 

JSll 


60,000 ± 19,910 

17.156 

79.5 



60,000 ± 19,910 

150.8 

605.0 

aTDdjY22 


60,000 ± 17,410 

77.818 

360.0 

®?®JS22 


60,000 ± 17,410 

62 . 5 > 4-1 

288.0 

®’^®JP20 


60,000 ± 17,410 

53 • 886 

249 

JW 5 


60,000 ± 16,450 

53.707 

249 

JY 5 

1,000 

45,000 ± 26,880 

6.181 

28.6 

^JP 21 


45,000 ± 25,840 

2.230 

10.5 

JN 9 


45,000 ± 21,410 

151.249 

701 

aejc21 


45,000 ± 21,170 

f 94. 708 

1439 

®JR8 


45,000 ± 19,410 

77.242 

357 

^JT21 

1,000 

40,000 ± 28,880 

3.824 

17.7 

^•JL 20 


40,000 ± 27,380 

. 6.993 

32.4 

ajJ20 


40,000 ± 26,580 

^516.761 

fl, 46 o 

^JE 23 


40,000 ± 25,380 

205.402 

980 

JEll 

1,550 

28,000 ± 24,000 

(g) 


JGll 


28,000 ± 24,000 

(h) 


Jill 


28,000 ± 19,080 

12.844 

59.5 

JC8 


28,000 ± 15,059 

11.667 

54 

JDll 


28,000 ± 7,^69 

33.878 

157 

JH8 


28,000 ± 7,^69 

25.751 

119 

JEIO 


28,000 ± 3,969 

46.958 

217 


^ests run after reducing eccentricity of grips. 

^Specimen machined by Elliott Company . 

^Test considered probably to be untrustworthy j only known difficulty was 
slight reductions of alternating stress for 2 hr due to slippage in a 
flexible coupling. 

temperature found 60^ F low just prior to fracture. 

tests interrupted two or three times because of power failures or 

machine shut-downs. 

^Discontinued. 

©Broke on starting. 

^Excessive creep on starting. 
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TABLE VII.- STRESS-RUPTURE TESTS WITH SUPERIMPOSED ROTATING BENDING STRESS 
[Research Laboratories Division, General Motors Corporation, machine and dat^ 


Specimen 

Test 
temp, y 

Op 

Steady 

axial 

stress, 

psi 

10,800-cpm 
bending 
stress, psi 

Cycles to 
failure 

Time to 
fracture , 
hr 

Elongation, 

percent 

JVlT 

1,550 

28,000 

±19,250 

2 J +.6 X 10 ^ 

^38.0 

6.78 

JXlA 


28,000 

±12,800 

35-3 

b ^.5 

11.75 

JW 12 


28,000 

± 5,100 


32.5 

15.05 

JOll 


28,000 

±7,250 

55 


13.95 

JWlA 


28,000 

±0 

0 

^(>180) 

15.57 




fatigue failure at point of maxim\im stress (5/8 in. above lower shoulder of specimen). 
^Rupture failure at thermocouple strap weld remote from point of maximum stress 


1-^ in. from upper shoulder of specimen^. 


'“Rupture failure remote from point of maximum stress and thennocouple welds. 

*^Specimen deformation reached limit of machine at I80 hr; creep data indicated failure 


before 200 hr. 
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TABLE VIII.- REVERSED BENDING FATIGUE DATA FROM 
WESTINGHOUSE 7,200-CPM MACHINE 
jwestinghoxise data for specimen^ 


Test 
temp • ^ 

Op 

Alternating 

stress, 

psi 

Cycles to 
failure 

Time to 
fracture , 
hr 

Room 

±69,000 

0.195 X 10 ^ 

0.45 


± 64,000 

•37 

.86 


±59,500 

1.1 

2.55 


±57,000 

1.1 

2.55 


±56,000 

.69 

1.6 


±55,500 

^711 

^ 1,645 


±54,500 

ai 50 

a 347 

1,000 

± 59,000 

.19 

.44 


±51,000 

.85 

1.97 


±50,500 

.90 

2.08 


±49,000 

1.22 

2.82 


± 48,500 

^210 

&487 

1,200 

±51,000 

.55 

1.27 


±47,000 

2.55 

5.44 


± 46,500 

.79 

1.8 


± 46,000 

200 

465 


b± 48 , 500 

1.77 

4.1 


^± 46,500 

2.05 

4.75 


b± 45,000 

^508 

ai,i 75 

1,350 

± 46,000 

1.5 

3.47 


± 44,000 

1.75 

4.05 


±43,500 

1.88 



±41,500 

4.4 

10.17 


±59,500 

64 

148 


±39,500 

^30 

^994 


± 39,000 

115.8 

268 


±38,500 

52 

120 

1,500 

± 35,000 

M 

.99 


±35,500 

5.9 

15.7 


±51,500 

h.9 

11.3 


±50,500 

20.5 

47.5 


±28,000 

12.8 

29.6 


±26,500 

109 

252 


±25,500 

190 

440 


°± 30,500 

7.2 

16.7 


^27,000 

158 

320 


“±26,000 

33 .iv 5 

77.^ 


discontinued. 

^Specimens machined by ordinary shop practice. 
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TABLE IX.- EFFECT OF SURFACE FINISH ON REVERSED BENDING FATIGUE DATA FROM WESTINGHOUSE 7^200-CPM MACHINE 
l^vis laboratory, NACA, data for 0. 333-in. -dlam. specime^ 


Specimen 

Test 
ten^. , 
Of 

Altenaating 

stress, 

psi 

Cycles to 
falliire 

Time to 
failure, 
hr 

Polished finish; I4-5 microin. nns 

JB20 

Room 

±65,000 

0.39 X 10^ 

0.90 

JS20 


±58,800 

2.76 

6.4 

JCI9 


±57,100 

1.60 

3.7 

JK21 


±55,700 

1.64 

3.8 

JI20 


±54,100 

1.25 

3.0 



±52,700 

18.14 

42.6 



±52,500 

6.0 

15.9 

JT20 

1,550 

±46,400 

.17 

.4 

JI20 


±44,100 

1.77 

4.1 

JLI7 


±42,200 

4.36 

10.1 

JE20 


±40,700 

43.3 

100.2 



±39,500 

13.0 

30.1 



±59,500 

®92 

212 

Ground finish: 20-25 microin. rms 


Room 

±58,500 

0.31 X 10^ 

0.72 



±49,700 

1.92 

4.45 



±47,500 

40.0 

92.5 


1,350 

±43,500 

.13 

.3 



±41,300 

1.07 

2.47 



±39,800 

40.0 

92.5 



±59,500 

a82 

190 

Roxigh finish: 7O-8O microin. rms 


Room 

±62,000 

1.08 X 108 

2.5 



±58,200 

1.55 

3.6 



±57,000 

1.60 

3.7 



±55,700 

30.0 

69.4 



±52,800 

30.0 

69.4 



1,350 

±43,000 

CVJ 

.28 



±42,000 

.77 

.41 



±39,200 

7.1 

16.4 



±38,200 

8.0 

18.5 



±36,200 

55.0 

115.5 

Specimens turned to shape and polished 

JYll 

1,350 

±49,700 

0.108 X 10^ 

0.25 

JKL4 


±45,000 

.95 

2.2 

JII6 


±44,000 

1.21 

2.8 

jwn 


±41,500 

5.57 

12.8 

JOlO 


±41,700 

17.58 

40.7 

JPI7 


±40,600 

22.12 

51.2 

JUI6 


±39,700 

30.15 

69.8 

JVI6 


±38,900 

24.62 

57.0 

JJI3 


±38,100 

ai23.85 

286.7 


Polished and stress-relieved for 4 hr at 1,400® F 


Room 

±62,700 

1.25 X 10^ 

2.9 



±60,600 

1.20 

2.8 



±58,900 

.88 

2.0 



±55,500 

6.4 

14.8 



±52,900 

15 

30.1 



±52,900 

S52 

120 

Polished, stress- relieved for 4 hr at 1,400° F, and repollshed 


Room 

±60,000 

1.45 X 108 

5.35 



±55,500 

3.55 

7.75 



±55,700 

5.2 

12.0 



±51,700 

24.5 

56.8 

Grovind and stress-relieved for U hr at 1,400° F 


Room 

±52,700 

1.45 X 108 

5.35 



±48,500 

6.9 

16.0 



±47,000 

44 

102 

Rovighened and stress-relieved after 4 hr at 1,400° F 


Room 

±54,000 

0.82 X 108 

1.9 



±52,500 

1.65 

3.8 



±50,500 

2.1 

4.8 



±47,500 

19 

44 



±44,500 

a83 

192 


^Unbroken. 
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TABLE X.- FATIGUE DATA FROM VARIABLE-SPEED ROTATING CANTILEVER 
BEAM TESTS ON UNNOTCHED AND NOTCHED SPECIMENS 
[^terials Laboratory, WADC, data from University of Mlrmesot^ 


Specimen 

Test 
temp . y 
op 

Alternating 

stress, 

psi 

Cycles to 
failure 

Time to 
failure, 
hr 

Average 
cyclic speed, 
cpm 

Unnotched specimens 

JII9 

Room 

®i?6,600 

3,650 



JEI5 


± 75,500 

62,000 

18 

5.73 

JBI9 


±6i<-,6oo 

586,500 

50 

122.5 

JJ15 


±59,500 

761,500 

62 

205 

JEI7 


±5^,900 

2,028,000 

90 

451 

JT18 


±5i,ii-oo 

^ 46 , 000,000 

^1,032 

7,500 

JY16 

1,550 

± 4 t, 4 oo 

9,750 

9 

18 

JYI7 


±1A,100 

890,000 

a 

241.5 

JTI7 


±41,250 

=296, 000 

26 

190 

JWI8 


±37,200 

^6,470,000 

288 

375 

JX 20 


±54,450 

8,500,000 

287 

493 

JPI6 

1,500 

±35,600 

'^^^ 3,950 

9 

81.7 

JII9 


±32,700 

945,000 

123 

127.5 

JTI7 


±29,500 

781,000 

48 

272 

JS 17 


±29,800 

172,000 

216 

133 

Notched specimens 

JB 20 

Room 

±55,700 

55,850 

29 

32.1 

JCI6 


±47,400 

84,500 

14 

100.5 

JP16(2) 


^45,900 

114,900 

22 

87 

JOI5 


^±39,700 

213,500 

76 

46.8 

JLI5 


±36,100 

342,500 

23 

248 

JVI9 


±30,000 

2,112,000 

121 

291 

JX 21 


±28,600 

1,926,000 

80 

400 

JCI7 


±26,500 

1,656,000 

95 

291 

jfi6(i) 


±22,600 

^20,500,000 

^558 

945 

JII8 

1,350 

± 35,100 

6,600 

5 

36.7 

JU 21 


±30,000 

15,500 

6 

43 

JNIO 


±25,000 

218,000 

27 

135 

JEI6 


±22,500 

4,970,000 

548 

151.5 

JOI6 


±19,960 

^1,086,000 

165 

in 

JTI5 

1,500 

±29,900 

9,700 

5 

52.3 

JLI6 


±25,000 

52,200 

15 

66.8 

JLI5 


±19,960 

4,166,000 

311 

223 


Q-Previoiisly run at lovrer stresses. 
^Test discontinued. 

^Test difficulties. 

^Bent suddenly. 
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TABLE XI.- ROTATING CANTILEVER BEAM FATIGUE DATA 

FROM ROnS-ROYCE 5,500-CPM MACHINE 

[Rolls-Royce data for 0.l60-in.-diam. gro\md specimens 
from quartered l-in.-diam. bars] 


Specimen 

Test 
temp, y 

Ow 

(a) 

Alternating 

stress, 

psi 

Cycles to 
fracture 

Time to 
fracture y 
hr 

JX15 

1,205 

±49,200 

^0.062 X 10^ 

0.79 

JX15 

1,205 

±48,600 

^.086 

.26 

JS15 

1,205 

±48,100 

4.60 

13.9 

JX15 

1,203 

±47,000 

'‘^.040 

.12 

JX15 

1,205 

±47,000 

^.024 

.07 

JX15 

1,205 

±45,200 

.740 

2.24 

JX15 

1,205 

±44,700 

^^54. 24 

104 

JX15 

1,205 

±44,700 

=145.97 

441 

JX15 

1,205 

±43,600 

=11.56 

35 

JX15 

1,205 

±58,600 

=24.00 

73 

JPllv 

1,555 

±42,500 

.47 

1.42 

JR16 

1,555 

±42,500 

.77 

2.53 

JR16 

1,555 

±40,200 

1.68 

5.09 

JPl4 

1,355 

±40,200 

2.15 

6.51 

JRI6 

1,355 

±59,100 

5.45 

10.4 

JSI5 

1,355 

±38,600 

2.25 

6.76 

JRI6 

1,555 

±58,000 

2.73 

8.27 

JPl4 

1,355 

±58,000 

96.27 

292 

JRI6 

1,555 

±35,750 

=24.2 

75 

JP14 

1,555 

±35,750 

=54.00 

105 

JPl4 

1,504 

±35,750 

1.15 

3.48 

JPl4 

1,504 

±35,750 

.80 

2.42 

JPl4 

1,504 

±33,500 

.96 

2.91 

JPl4 

1,504 

±32,400 

9.24 

28 

JSI5 

1,504 

±31,800 

19.27 

a 

JRI6 

1,504 

±51,400 

2.45 

7.45 

JSI5 

1,504 

±31,300 

21.55 

61 

JPl4 

1,504 

±51,300 

1.93 

5.85 

JPl4 

1,504 

±31,500 

=11.72 

55 

JS15 

1,504 

±30,700 

4l.O 

124 

JSI5 

1,504 

±50,200 

2.41 

7.5 

JSI5 

1,504 

±50,200 

33.12 

100 

JRI6 

1,504 

±29,600 

7.63 

25 

JRI6 

1,504 

±27,900 

15.02 

46 

JRI6 

1,504 

±26,800 

71.56 

216 


^1,205° ± 5° F; 1,555° 1 3° F; 1,504° ± 5° F. 

^Preliminary tests; endurances only approximate because of motor 
overrun at failure. 

Specimen unfractured. 
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TABLE XII.- NEES ROTATING CANTILEVER BEAM FATIGUE TEST DATA 

[u. S. Naval Engineering Experiment Station 
1,700- cpm machine and dat^ 


Specimen 

Test 
temp . , 

Op 

Alternating 
stress ; 
psi 

Cycles to 
failure 

Time for 
fracture ; 
hr 

JX12 

1,550 

± 43,000 

0.09 X 10 ^ 

0.88 

JJ15 


± 40,000 

57.69 

569 

JY13 


±58,000 

7. 79 

76.5 

JW12 


±37,000 

5.22 

51.1 

JX13 


± 35,000 

56.75 

556.4 


VJl 


TABLE XIII.- COMPARATIVE STRESSES FOR FRACTURE IN FIXED TIMES OR AFTER FDOED NUMBERS OF CYCLES FOR VARIOUS TESTS 




Test 

Stress, 

psi, for fracture in - 

Stress, 

psi, for fracture in - 

Type of test 

Test machine 

ten^). , 

Op 

50 hr 

150 hr 

500 hr 

lo'^ cycles 

5 X lo"^ cycles 

Q 

10° cycles 

Axial 

Reverse bending 
Reverse bending 
Rotating be sun 
Axial 

5.600- cpm dynamic creep 
7 , 200 -cpm Westinghouse 

7 , 200 -cpra NACA-Westinghouse 
Variable- speed 

3.600- cpm dynamic creep 

75 

75 

75 

75 

75 

±1+6,500 

±55,500 

±^,800 

±62,500 

21,200 ± l+ 2 ,l 4-00 

75,000 ± 25,000 

± 46,500 

* 55,500 

±52,900 

±54,500 

21,200 ± 42,400 
75,000 ± 25,000 

± 46,500 

*55,500 

*52,500 

±52,600 

21,200 ± 42,400 
75,000 ± 25,000 

± 46,500 

*55,500 

±52,600 

± 53,000 

21,200 * 42,400 
75,000 ± 25,000 

± 46,500 

*55,500 

*52,500 

± 53,000 

21,200 ± 42,400 

± 46,500 

*55,500 

± 52,400 

± 55,000 

21,200 ± 42,400 

Axial 

Rupt\ire 

Axial 

Reverse bending 
Axial 

3 , 600 -cpm Sonntag 

75 

1,000 

1,000 

1,000 

1,000 



82,500 

±1+5,000 

±1+9,500 

19,700 ± 59,500 

74 , 000 

67 000 


3,600-cpm dynamic creep 
7,200-cpm Westinghouse 
3,600-cpm dynamic creep 

±45,000 
±49,200 
19,700 ±39,500 

75,000 ± 10,000 

60.000 ± 19,000 

45.000 ± 23,500 

40.000 ±27,000 

44,000 

± 46,900 

±45,000 

±45,000 

±49,000 

19,700 ± 59,500 

±45,000 

±49,500 

19,700 ± 59,500 

75.000 * 13,000 

60.000 ± 22,000 

45.000 * 25,500 

40.000 ± 28,000 

±45,000 

±49,500 

19,700 * 39,500 

75.000 ± 10,500 

60.000 ± 19,500 

45.000 ± 24,000 

40.000 * 27,000 

±45,000 

±49,200 

19,700 ± 39,500 


1,000 

1,000 

1,000 

1,000 

1,200 

1,200 

1,200 

75,000 ± 12,000 
60,000 ± 22,000 
1+5,000 ± 25,500 
1+0,000 ± 28,000 

54,000 

±1+7,000 

±1+5,000 

Axial 

3,600-cpm Sonntag 

60.000 ±16,000 

45.000 ± 22,000 

40.000 ± 26,000 

41,000 

± 46,800 

±45,000 

60.000 ± 16,000 

45.000 ± 22,000 

40.000 ± 26,000 

Rupture 

Reverse bending 
Rotating beam 

7,200-cpm Westingho\ise 
5,500-cpm 

±47,000 

±45,000 

±47,000 

±45,000 

± 46,800 

±45,000 

Axial 

1,500-cpm Krouse 

1,200 

1,200 

1,200 

1+9,000 ± 7,500 
i+i+,8oo ± 15,000 
56,800 ± 25,000 

32,000 

45.000 ± 7,500 

41.000 ± 15,000 
35,400 ± 25,000 

28,500 

28,000 

40,600 ± 7,500 

56.900 ± 15,000 

29.900 ± 25,000 

25,000 

23,750 

46,400 ± 7,500 
41,900 * 15,000 
54,500 ± 25,000 

42.000 ± 7,500 
58,100 ± 15,000 

31.000 ± 25,000 

37,700 ± 7,500 
33,900 ± 15,000 
27,500 ± 25,000 

Rupture 


1,350 





1,550 

32,000 




Axial 

AxieJ. 

Reverse bending 
Reverse bending 

3,600-cpm dynamic creep 
1,500-cpm Krouse 
7 , 200 -cpm Westinghouse 
7 , 200 -cpm NACA-Westinghouse 

1,550 

1,550 

1,550 

1,550 

± 35,000 

± 35,000 

±1+0,000 

±45,600 

±54,000 

± 55,000 

±39,800 

±42,500 

*59,700 

±58,000 

±56,000 

±33,000 

± 55,000 

*59,500 

± 41,300 

± 37,000 

±38,000 

±56,000 

± 35,000 

± 35,000 

± 40,000 

± 42,000 

± 40,400 

±38,000 

±36,000 

±54,500 

± 55,000 

±39,800 

± 41,000 

± 40,000 

±58,000 

±56,000 

±55,500 

±35,000 

±59,700 

±59,500 

Rotating beam 
Rotating beam 
Rotating beam 

Variable-speed 

5,500-cpm 

1,700-cpm 

1,550 

1,550 

1,550 

± 42,500 

±58,000 

±36,000 

±58,000 

±56,000 
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TABLE XIII.- COMPARATIVE STRESSES FOR FRACTURE IN FIXED TIMES OR AFTER FIXED NUMBEE^ OF CYCLES FCR VARIOUS TESTS - Concluded 


Type of test 

Test machine 

Test 

Stress, 

psi, for fracture in - 

Stress, 

psi, for fracture in - 

temp. , 

Ojp 

50 hr 

150 hr 

500 hr 

lo'^ cycles 

5 X lo"^ cycles 

10 ® cycles 



1,550 

51,250 ± 7,800 

28,000 ± 7,000 

24,000 ± 6,000 

51,200 ± 7,800 

28,000 ± 7,000 

24,000 ± 6,000 

Axial 

3,600-cpm dynamic creep 

1,550 

26,500 ± 17,700 

24,500 ± 16, 400 

22,000 ± 14,700 

26,500 ± 17,750 

24,500 ± l 6,400 

22,000 ± 14,750 



1,550 

17,000 i 28,000 

16,500 ± 27,000 

16,000 ± 26,000 

17,200 ± 28,200 

16,700 ± 27,300 

15,900 ± 26,100 

Axial 

5,600-cpm Sonntag 

1,550 

28,000 ± 17,500 

28,000 ± 5,000 


28,000 ± 18,000 

28,000 ± 7,500 




1,550 

55,100 ± 7,500 

28,900 ± 7,500 

24,400 ± 7,500 

50,000 ± 7,500 

26,000 ± 7,500 

21,000 ± 7,500 



1,550 

50,000 ± 15,000 

26,500 ± 15,000 

25,000 ± 15,000 

27,500 ± 15,000 

24,500 ± 15,000 

20,600 ± 15,000 

Axial 

1,500-cpm Krouse 

1,550 

25,900 ± 25,000 

25,200 ± 25,000 

20,200 ± 25,000 

24,100 ± 25,000 

21,200 ± 25,000 

18,000 ± 25,000 



1,550 

12,000 ± 55,000 

10,500 ± 55,000 

8,500 ± 55,000 

11,000 ± 55,000 

9,000 ± 55,000 

7,200 ± 55,000 

Rupture 


1,500 

20,000 

17 ,000 

12,750 





1,500 

19,000 

16,250 




Axial 

5,600-cpm dynamic creep 

1,500 

±25,900 

±25,500 

±24,500 

±25,500 

±25,500 

±24,800 

Axial 

1,500-cpm Krouse 

1,500 

±50,500 

±28,900 

±28,000 

±29,500 

±28,400 

±27,500 

Reverse bending 

7,200-cpm Westinghouse 

1,500 

±29,500 

±28,000 

±26,000 

±51,000 

±29,000 

±27,000 



1,500 

±51,200 

± 50,400 

±50,000 

±31,700 

±50,700 

±29,900 

Rotating beam 

5,500-cpm 

1,500 

±28,100 

±27,400 

±27,000 

±28,500 

±27,700 

±27,000 

Rotating beam 

Variable-speed 

1,500 

±51,500 

*^U^UUU 







1,500 

19,750 ± 4,900 

17,250 ± 4,500 

14,500 ± 5,600 

20,000 ± 5,000 

17,500 ± 4,400 

14,500 ± 5,600 

Axial 

5,600-cpm dynamic creep 

1,500 

18,500 ± 12,500 

15,500 ± 10,400 

15,000 ± 8,700 

18,500 ± 12,300 

16,000 ± 10,700 

15,000 ± 8,700 



1,500 

15,100 ± 21,400 

12,000 ± 19,600 

10,500 ± 17.100 

13,200 ± 21,600 

11,900 ± 19,600 

10,600 ± 17,400 



1,500 

19,750 ± 7,500 

16,500 ± 7,500 

14,500 ± 7,500 

18,000 ± 7,500 

15,200 ± 7,500 

14,000 ± 7,500 

Axial 

1,500-cpm Krouse 

1,500 

18,500 ± 15,00 

15,500 ± 15,000 

13,500 ± 15,00 

17,000 ± 15,000 

14,400 ± 15,000 

15,500 ± 15,000 



1,500 

17,000 ± 22,500 

15,000 ± 22,500 

11,000 ± 22,500 

15,100 ± 22,500 

11,800 ± 22,500 

10,500 ± 22,500 
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(a) Axial stress dynamic creep test specimen. 



(b) Axial stress radius fatigue specimen. 

Figure 1.- Fatigue specimens used by cooperators. (All dimensions are 

in inches . ) 
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Figure 1.- Continued. 
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(e) Sormtag SF-4 axial stress fatigue specimen. 
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(f) Specimen for rupture tests with superimposed rotating bending stress. 

Figure 1.- Continued. 
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(g) Westinghouse reversed bending fatigue specimen. 
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(h) NACA modified Westinghouse reversed bending fatigue specimen. 


Figure 1.- Continued. 
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(j) Notched rotsting cantilever heajn. speciiuen for fa,tigue^ 
damping, and elasticity tests. 


Figure 1.- Continued. 
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(k) Rolls-Royce rotating 


cantilever beam fatigue specimen. 


Figure 1 .- Continued. 


ON 



(l) NEES rotating cantilever beam fatigue specimen. 
Figure 1 .- Concluded. 
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Abrasive belt 



Figure 2 .- Polishing machine. 
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Figure 3*- Stress - rupture -time curves for static tests at 1,000°, 

1,200°, 1,350°, and 1,500° F. 
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Fig\ire 4.- Curves of stress against time for total deformation of 
0.5 and 2 percent from static rupture tests at 1,200°, 1,350°,- 
and 1,500° F. 


o^ 


NACA TN 3216 


Mean stress, psi 


a^ 

00 



Figure 5.- Cirrves of stress against minimum creep rate from static rupture 
tests at 1,200°, 1,550°, and 1,500° F and for dynamic creep tests at 
1,550° and 1,500° F. 
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Figure 6.- Curves of mean stress against time for rupture and time for 
total deformations of O.5 and 2 percent at 1,550^ and 1^500^ F ^*0^ 
axial stress dynamic creep tests. 
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Figure 7.- Curves of maximum stress against fracture time for indicated 
ratios of alternating to mean stress at room temperature, 1,000^, 
1,550^, and 1,500^ F in axial dynamic stress creep testing machine. 
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Flgvire 8.- Ciorves of meem stress against rupture time for Krouse axial 
fatigue tests at 1,200°, 1,550°, and 1,500° F. 
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Figiire 9.- Effect of superimposed alternating stress in Sonntag SF- 4 - 
5,600-cpm fatigue tester on time for fracture at room temperature, 
1,000° and 1,350° F at constant mean stresses. 
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Figirre 10,- Influence of rotating bending stress at 1,550° F on time for 
0.5-^ 1.0-, 1.5-^ 2 -percent total deformation and rupture time 

under a steady axial stress of 28,000 psi. 
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Cycles to fracture 


Figure 11. 
1 , 000 °, 


fatigue 


- Reversed bending S-N fatigue curves at room temperature, 
1,200°, 1,350°> and 1,500° F from Westinghouse 7>200-cpm 
tester. Westinghouse data for 0. 550 -inch-diameter specimens. 
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Figure 12 .- Influence of surface finish on reversed bending fatigue at 

room temperature and 1,550° F- 
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Figure 15*- S-N curves for fracture of urmotched acid notched specimens 
and for first evidence of crack for notched specimens at room tempera- 
ture. 1,550° 1,500° F in variable -speed rotating cantilever beam 

tests . 
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Figure 14 .- Curves of alternating stress against fracture time for 
unnotched and notched specimens in variable -speed rotating canti- 
lever beam tests. (See table X for cyclic speeds.) 


MCA TN 5216 


78 


MCA TN 5216 


p,uuu 

1,000 

500 

100 

<D 

0 

50 

0) • 
a d 

(D •H 

^ i 

|> 10 

•H 5 

1.0 

.5 

.1 

0*5 








Vi 



(/ 









\ 







( 

0/ 

0 

! 

/ 

1 







^ 7 'fi 
s' /'"/ 

^ 1 








1,50c 

)° F / 

j/ 

fi//' 

/ 

/ (0 

! Room 
tempi 

eratu 

re 






/i 

V^y 

/// 







y* 

y' 

y 

y 

■-y 


,350° F / 

/// 

// unn 

cif ic 
otched 

dampi 
L spec 

ng f 
:imen 

or 

s 



y'y^ 










y 

y 




F 

s 






1 







1 

1 

♦ 








• '-'X 

.01 

i .005 

ft H 
TZJ 0 

.001 

.0005 








T « 






i 

1,500° ] 


/ 0 

1,350° I 


i XV^OGU-L. yXCUil^J-XJ^ 

based on nominal 
stress of notched 



y 

y' ^ 

yy 

y 

y 


Room 

tempera 

spe 

,ture 

icimen 

lS 




\ 

1 

\ 

-F.S.- 

1 

L_t 










±10*^ 1.5 2 2.5 5 k 5 6 7 8 9 ilo5 

Nominal cyclic stress, psi 


Figure I5.- Effect of stress magnitude and constant cyclic-stress history 
on damping energy for unnotched and notched specimens at room tempera- 
ture, 1,550^, and 1,500*^ F. F.S. indicates fatigue strength at 

2 X cycles; numbers on curves identify damping lines after 20, 10^, 
10^, . . . cycles of stress. 
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Ma ximu m reversed bending stress, psi 


Figure I6.- Dynamic moduli of elasticity at room temperature, 1 , 550 ^ and 
1,500^ F after different numbers of cycles of reversed bending stress. 
Eg, initial static modulus; (F^ , fatigue strength at 2 X lo"^ cycles; 
numbers on curves identify modulus lines after 20, 10^, 10^^ . . . 
cycles of stress. 
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Figure 17 •- Static and dynamic stress-strain cvirves in bending for 
unnotched specimens. Dashed lines are static tension data; values 
are based on room- temperature static modulus of 50 x 10 ^ psi; 
fatigue strengths (F.S.) are given for 2 x lo"^ cycles. 
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Figiore l8,- S-N curves at 1,200°, 1,350°, and 1,500° F for Rolls-Royce 
rotating cantilever beam fatigue tests . 
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Figure 19*- S-N curve at 1,550° F for NEES rotating cantilever beam 

fatigue tests . 
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Figure 20.- Graphical representation relating presence or absence of 
fatigue nuclei on fractures of combined stress test specimens to 
conditions of loading. 
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XlOO XL, 000 

(a) Original material. 



XLOO 

(b) 5^ioal creep-rupture fracture; 
248 hours at 1,550° F under 
28,000 psi. 


XLOO 


L-85638 

(c) laical fatigue nucleus; 
569 hours at 1,550° F 
\mder ±40,000 psi. 


Figure 21 . - Typical rolcrostructures of original test material and f rac 

tures of test specimens. 
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Figure 22.- Cirrves of alternating stress against mean stress for fracture 
in 50, 150, and 5OO hours at room temperature, 1,000°, 1,200°, 1,350°, 
and 1,500° F. 
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(a) 50 hours for fracture. 

Figure 25-- Comparative static and fatigue strengths for fracture in 
50^ 150^ 500 hours from room temperature to 1,500^ F. Curves 

designated with ±7^500^ ±15^000^ ±25^000^ or ±35^000 psi show mean 
stress for rupture with indicated alternating stress superimposed. 
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Figure 23-- Continued. 
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(c) 500 hours for fracture. 


Fig^ire 25.- Concluded. 
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Figure 2k. - Curves of alternating stress against mean stress for failure 
in lo"^, 5 X 10^, and 10® cycles at room temperature, 1,000°, 1,200°, 
1,550°, and 1,500° F. 
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Figure 25 .- Influence of superimposed fatigue stress on mean stress for 
total deformation of O.5 and 2.0 percent in 50, I50, and 5OO hours. 
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Figure 26 .- Curves of elongation against rupture time for combined steady 

and superimposed fatigue. 
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Figure 27*- Comparison of S-N curves from different types of test machines 
operated with completely reversed stresses. 
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